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ABSTRACT OF THE DISSERTATION 
DEVELOPING A HIGH DENSITY PT/ALUMINA HERMETIC FEEDTHROUGH 
by 
Ali Karbasi 
Florida International University, 2012 
Miami, Florida 
Professor W. Kinzy Jones, Major Professor 
Typically, hermetic feedthroughs for implantable devices, such as pacemakers, use a 
alumina ceramic insulator brazed to a platinum wire pin.  This combination of material has a 
long history in implantable devices and has been approved by the FDA for implantable hermetic 
feedthroughs. The growing demand for increased input/output (I/O) hermetic feedthroughs for 
implantable neural stimulator applications could be addressed by developing a new, cofired 
platinum/alumina multilayer ceramic technology in a configuration that supports 300 plus I/Os, 
which is not commercially available.  
Seven platinum powders with different particle sizes were used to develop different 
conductive cofire inks to control the densification mismatch between platinum and alumina. 
Firing profile (ramp rate, burn- out and holding times) and firing atmosphere and concentrations  
(hydrogen (wet/dry), air, neutral, vacuum) were also optimized. Platinum and alumina exhibit the 
alloy formation reaction in a reduced atmosphere. Formation of any compound can increase the 
bonding of the metal/ceramic interface, resulting in enhanced hermeticity. The feedthrough 
fabricated in a reduced atmosphere demonstrated significantly superior performance than that of 
other atmospheres. A composite structure of tungsten/platinum ratios graded thru the via 
 viii 
structure (pure W, 50/50 W/Pt, 80/20 Pt/W and pure Pt) exhibited the best performance in 
comparison to the performance of other materials used for ink metallization.  
Studies on the high temperature reaction of platinum and alumina, previously unreported, 
showed that, at low temperatures in reduced atmosphere, Pt3Al or Pt8Al21 with a tetragonal 
structure would be formed. Cubic Pt3Al is formed upon heating the sample to temperatures 
above 1350 °C. This cubic structure is the equilibrium state of Pt-Al alloy at high temperatures. 
The alumina dissolves into the platinum ink and is redeposited as a surface coating. This was 
observed on both cofired samples and pure platinum thin films coated on a 99.6 Wt% alumina 
and fired at 1550 °C. Different mechanisms are proposed to describe this behavior based on the 
size of the platinum particle. 
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1 Introduction 
 
The feedthrough, a component in the hermetic enclosure, isolates the internal electronic 
components and hermetically seals them when implanted in the body. A major class of low I/O 
feedthroughs, such as what can be found in cardiac pacemakers where only 2-4 I/Os are required, 
are alumina ceramics brazed to a platinum wire pin. This structure has a long and high reliability 
history in implantable devices, due to biocompatibility of alumina and platinum. The aim of this 
study is to develop a Pt/Alumina high-density biocompatible feedthrough by utilizing the 
multilayer ceramic technology, to answer the increasing demand for increased input/output 
hermetic feedthroughs for application in implantable biomedical devices. Multilayer ceramics 
technology represents a number of technologies that are capable of producing such a high-
density feedthrough with highly desirable properties.  
1.1 Platinum/alumina interaction 
Strong bonding between metal and ceramic is the most important factor to develop a 
hermetic device. This bonding can be completely due to physical entanglement of metal and 
ceramic or it can be chemical in nature.  The bonding mechanism in semiconductor type oxide 
(i.e. TiO2, CeO2, etc.) and most of the metals, especially the platinum metal group, is chemical in 
nature [1]. However, in the case of insulator oxide, like Al2O3 and SiO2, both theoretical and 
experimental results demonstrate that the electronic interactions between metals and oxide 
surfaces at low temperatures are dominated by either interfacial bonding or metal polarization 
effects [2]. Platinum/alumina bonds are particularly interesting because of the proven 
biocompatibility of  both materials [3], yet the true nature of their bonding is not clear[4]. Strong 
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bonding between platinum and alumina is believed to be physical in nature [4-6]. However, 
several studies [1, 7-9] of platinum supported on alumina have reported some changes in the 
catalytic performance at high temperature application, which is proposed to be caused by the 
interaction between a metal and an oxide. The support oxide can alter the stability and 
morphology of the metal particles and the compound formation in the Pt/Al2O3 system at high 
temperatures and probably change the interaction range. Several studies reported the formation 
of the intermetallic compound in the interface of Pt/Al2O3 in different atmospheres [10-16], but 
there is no systematic study on platinum/alumina reaction, especially at high temperatures. Yet, 
the formation of any compound can increase the bonding of the metal/ceramic interface and 
hermeticity of the final feedthrough. 
1.2 Design consideration in feedthrough development 
The intrinsic multilayer approach of cofired ceramic offers many advantages to designers, 
however, some consideration is required to develop a proper product. Shrinkage of the cofired 
ceramic due to the sintering process is occasionally cited as a problem with this technology. 
Mismatched sintering kinetics between the metal and the ceramic can lead to significant 
undesirable defects like delamination, cracks, camber or warpage in the product, which 
substantially lowers the production yield.  
Differences in thermal expansion, densification rate mismatch, or combinations of them 
between the layers could be assumed to be the stress generator. Thermal expansion mismatch is 
more likely to produce defects in the layer with a larger thermal expansion coefficient during 
cooling since this layer will be subject to tensile stress.  
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To minimize the possibility of forming the co-firing defects, a more thorough 
understanding of the process resulting in the above defects is needed before the processing 
parameters and the material compositions can be optimized. Typical solutions for minimizing 
camber have often relied upon engineering approaches, such as weighting, varying material 
compositions, and varying the cofiring temperature-time profiles and atmosphere. 
1.3 Objectives of the current research 
The main objective of this research is to develop a high-density biocompatible 
feedthrough by utilizing the multilayer ceramic technology. This main objective can be achieved 
through the following specific objectives: 
• Analyzing the high temperature densification and thermal behavior of the metal 
powders and ceramic tape. 
• Understanding the role of firing temperature – time profile on the densification 
and hermeticty of the feedthrough assembly. 
• Understanding the role of firing atmosphere on the densification and bonding 
mechanism of platinum and alumina. 
• Studying the effect of different ink metallization on the hermeticity of the final 
feedthrough assembly. 
• Studying the platinum/alumina interaction at high temperatures to understand the 
bonding mechanism. 
Figure 1-1 presents a summary of the research carried out during this study. 
The dissertation has been arranged in different chapters, sections and subsections to 
present the background of the project, the methods adopted in this study, the analysis of the 
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results with scientific interpretation and the future scope of research and improvement. The key 
points of this research with an overview of the main outcomes are described in chapter 9. 
Chapter 10 represents the further scope of this research and recommendation for future work. 
 
Figure 1-1 Flowchart of the research plan 
 
 
 
 
 
 
 
 
 5 
2 Literature Review 
 
This chapter is presenting a brief review on the metal/ceramic interaction and different 
bonding mechanism for platinum/alumina joint structure.  
2.1 Introduction 
There is an increasing demand for materials forming hermetic metal/ceramic bonds to use 
in biomedical engineering, in particular for neurostimulating prosthetic devices such as the 
cardiac pacemakers, cochlear implants, and vision prosthesis. These bonds isolate the electronic 
components and hermetically seal them when implanted in the body. There have been many 
studies that demonstrated strong bonding between ceramics and different types of metals 
(Examples at ref. [2, 17] and references cited in it).  
Other than signal feedthrough structure, many technologies and devices, such as functional 
ceramics with metals, metal matrix composites and heterogeneous catalysts rely upon interfaces 
between a metal and oxide ceramic. The microstructures, properties, and the lifetimes of multi-
material structures can be affected by the structure, energy, and stability of metal/ceramic 
interfaces. Currently, the sizes of many materials used for new devices and application are 
rapidly decreasing to the nanoregime. Gradual miniaturization of devices in microelectronics, 
catalysis and similar industries leads to an unavoidable increase of the interface-area- to-volume 
ratio. By increasing the interface, the effect of metal/ceramic interactions becomes more and 
more significant. Despite their profound impact on materials and device properties, many 
fundamental properties of ceramic–metal interfaces are not well understood. 
From an academic standpoint, a metal/ceramic interface is a contact between two classes of 
materials that usually differ extremely in the properties due to their different bonding 
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characteristics. This difference in material properties could induce stress singularities at the 
interface and together with the thermal residual stress, can degrade the strength of ceramic/metal 
joints.  This results in deviation in the physical properties of these material combinations. The 
developed microstructure and interfacial morphology can determine the performance 
characteristics of the dissimilar material joints [18, 19]. In the case of interfacial chemical 
reactions, this can lead to drastic deterioration or significant improvement of the devices 
performance. For the above reasons, it is of great importance to interfacial the microstructure and 
the reaction mechanisms of the metal/ceramic interface [20].  
Metal films on oxide ceramics have been widely studied in the process of heterogeneous 
catalysis [8, 21-26]. The reactivity and stability of such a catalyst depends strongly on the 
interaction of metal and ceramic. Several studies [1, 8, 9, 27-35] of platinum supported on oxides 
have reported changes in the catalytic performance in high temperature application due to the 
sintering and reaction of platinum particles during operation. Such interfacial interactions were 
found to behave in a complicated manner, encompassing electronic effects (arising from 
chemical interaction and charge transfer), structural effects (ascribed to structural stabilization), 
migration of support materials onto the metal, and diffusion and spillover through the metal-
oxide interface. [16]  
2.2 Nature of metal/ceramic interaction 
2.2.1 Chemical interaction in the metal/ceramic interface 
It has been found that the chemical interaction between metals and oxide, designated 
strong metal–support interactions (SMSI), is of great importance in heterogeneous catalysis and 
significantly affects catalytic properties. Tauster et al. [36] for the first time named the Strong 
Metal Support Interaction in the Pt/TiO2 catalysts. Later, the term SMSI was used more generally 
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to account for changes in catalytic activity and selectivity in the semiconductor type oxides (i.e. 
TiO2, CeO2, etc.) and most of the metals, especially the group VIII elements [1]. Two major 
factors contribute to the SMSI states: an electronic factor and a geometric factor. The electronic 
factor is determined by the perturbation of the electronic structure of the metal catalyst, which 
originates from charge transfer between the metal and the oxide, while the geometric factor 
results from a thin layer of reduced oxide support physically covering the metal particles (called 
the encapsulation or decoration model), which blocks active sites at the metal surface. In general, 
due to the nature of the products formed at metal/oxide interfaces, the chemical interaction can 
be generally classified into four different groups, as shown in figure 2-1,  
• Redox reaction, in which metal is oxidized and supporting oxide is reduced. Of all the 
reactions occurring at metal/oxide interfaces, these are the most frequently observed, 
especially for reactive metals on oxides such as TiO2 and SrTiO3. Mass transport in the 
form of oxygen diffusion (i.e. oxygen vacancy), commonly occurs during the reaction 
process [37-40]. 
 
• Alloy formation. At some interfaces, stable intermetallic compounds may be formed. In 
case of the noble metals like Pt, Pd like Rh, metal on oxide substrate can form the 
intermetallic compound in hydrogen reduction environment. Pt nanoparticles supported 
by thin films of silica or alumina in reduced atmosphere systems can form Pt-rich 
Pt3Me (Me=Si, Al) alloy phases after the reaction.   In cases of reactive metals deposited 
onto Al2O3 and SiO2 substrates, the reaction leads to the formation of a thin layer of 
aluminide or silicide sandwiched between the substrate and a top layer of metal 
oxide [41-45]. 
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Or 
 
• Encapsulation, which is also called decoration, involves mass transport from the oxide 
support onto the surface of the metal particles. Encapsulation is a special interface 
process where metal particles are physically covered by a thin layer of reduced oxide 
support. Noble metals, including Pt, Pd, and Rh on TiO2 or CeO2 are good examples of 
encapsulation reactions[26, 36, 46]. 
 
• Interdiffusion. It is known that metals may diffuse into their oxide supports and/or the 
substrate atoms may diffuse to the metal surface. Such interdiffusion leads to the 
formation of interdiffusion zones or mixed oxides (e.g. ternary oxides and oxide solid 
solutions) at the interfaces. It has been shown that an ion exchange reaction between Al 
and spinel ceramic of (MgO)⋅(1.25Al2O3) produces interdiffusion zones at the interface 
[47-49]. 
 
Among all of the mentioned reactions, platinum/alumina reaction is the most important 
for our study, because their true nature of bonding is not yet known. In the next section different 
reaction and bonding in platinum/alumina system are reviewed to define the current state of their 
bonding. 
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Figure 2-1 The HRTEM image of all four kind of chemical reaction in the surface of metal/oxide (a) Redox 
reaction of Nb/TiO2 (110) formed at room temperature. (b) Alloy formation of 5% Pt/CeTbOx catalyst 
reduced at 1173 K, resulting in the formation of CePt5 alloy. (c) Encapsulation of Rh by oxide in the 0.5% 
Rh/Ce0.8Tb0.2O2−x catalyst reduced at 1173 K. (d) The interface layer of TixCryOz is from the interdiffusion 
between Cr overlayers and TiO2 substrate formed at 400 ∘C.[2] 
 
2.2.1.1 Platinum/alumina interaction and bonding  
 
Schulz et al. [50] first studied the reaction of refractory metals with several oxides in a 
reduced atmosphere by the X-ray diffraction technique. They showed that the Pt/Al2O3 system 
could go through several alloy formation reactions in temperatures above 1100 C. The complete 
results of the Pt/Al2O3 reaction are shown in table 2-1.  
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Ruckenstein et al. [51] suggested that the platinum particle splitting in the model catalyst 
could be due to the stress generation of the formation of the Pt-Al2O3 compound. Later [52], 
TEM diffraction patterns suggested the compound formation between PtOx and Al2O3 yield 
PtpAlqOr, where r could be zero. Recently, Luo et al. [16], using photoelectron spectroscopy, also 
showed the possibility of the formation of the same compound in a vacuum. Analogues to the 
nickel aluminate (i.e. NiAl2O4), platinum and palladium aluminate could have the same 
stoichiometric composition [7, 12]. Chu and Ruckenstein [10] also showed that by heating the 
catalyst in a vacuum at 850°C for 6 hours, platinum crystallites can react with the substrate. The 
TEM electron diffraction identified the sample pattern as a mixed Pt8Al21, platinum and alumina. 
Den Otter and Dautzenberg [53], and Kunimori et al. [54] used chemisorption expeimnts to show 
that Pt/Al2O3 can go through alloy formation reaction in the chemisorption process of hydrogn. 
They concluded that part of the surface alumina in the neighborhood of the platinum crystallites 
is reduced by the H2 treatment, and reoxidized by the O2 treatment, which leads to a plausible 
redox reaction. The formula that they proposed only schematically represented and explained the 
consumed quantity of hydrogen and oxygen gases in the chemisorption experiment.  
Chu and Ruckenstein [10] studied the reaction of Pt/Al2O3 in the wet hydrogen 
atmosphere and showed that oxygen oxidizes the platinum to platinum oxide, and hydrogen 
reduces the oxide generating water between the metal particles and the substrate. This weakens 
the interaction between metal particles and the substrate and hence enhances crystallite migration. 
They also showed that the experiment in the wet N2 did not follow the same pattern as wet 
hydrogen, which could be attributed to the H2 reaction. 
It has been shown [14, 55] that platinum in the prescence of stable oxide (i.e. SiO2 and 
Al2O3) in reduced atmopshere can go through alloy formation reaction and create Pt3M (M:Al 
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and Si) with the cubic Cu3Au (Pm3m space group) structure. Tetragonal GaPt3 crytal structure 
was also used to anlyse the same stocimetry by Bronger et al. [13]. Zhong et al. [15] showed that 
the mixtuire of hydrogen/Argon instead of pure hydrogen can change the resultant product. 
Reaction of Pt/Al2O3 in pure hydrogen in 1074 °K formed the Pt3Al compound [14], while the 
same composition at the same temperature in the H2-Ar (10-90) will produce Pt8Al21 [15].  
Table 2-1 Reported reaction between platinum and alumina in literature 
Time (hr) Temperature (C) Atmosphere Method Compound Ref. 
12 1100 H2 X-ray Diffraction Pt13Al3 [50] 
12 1200 H2 X-ray Diffraction Pt3Al [50] 
12 1250 H2 X-ray Diffraction Pt5Al3 [50] 
12 1500 H2 X-ray Diffraction Pt2Al3 [50] 
-- > 500 O2 Diffraction Pattern (TEM) Al2Pt, Pt3O4 [52] 
-- 350 Vacuum PES PtxAlyOz 
-- 
[16] 
600 O2 TPR PtAl2O4 [12] 
6  800 Vacuum Diffraction Pattern (TEM) Pt8Al21 [10] 
-- 500 H2 H2 consumption 
Pt.Al2O2 
PtAl2.(Al2O3) 
[54] 
-- 450 H2 Diffraction Pattern (TEM) Pt3Al [14] 
72 - 168 1200 - 1300 H2 X-ray Diffraction Pt3Al [13] 
1 800 H2 Diffraction Pattern (TEM) Pt8Al21 [15] 
1000 1500 H2/H2O=105 X-ray Diffraction Pt3Al [11] 
0.25 1500 H2/H2O=5*105 X-ray Diffraction Pt3Al [11] 
 
Hydrogen can react with the oxygen on the interface to create the Al3+ on the interface. 
Platinum then could migrate over the surface to these freshly formed Al3+ ions, which have been 
uncovered by the desorption of water and forms a Pt-Al compound [35]. In general, it appears 
that the hydrogen spillover is the major mechanism for the reaction of Pt/Al2O3 in the reduced 
atmosphere. H2 atoms, migrating from the platinum particle surface to the metal–support 
interface, induce the reduction of the alumina substrate, accompanied by the interaction with the 
metal particles to form the interfacial-phase Pt8Al21. Because of hydrogen spillover to the 
substrate, the Pt–Al alloy is formed not only under platinum particles, but also around them.  
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(a) (b) 
Figure 2-2 TEM image of Pt/Alumina in reduced atmosphere. (a) the intermetalic layer of Pt8Al21 formed in 
10% H2, 1hr, 1073 K [15]. (b) Pt3Al layer fomed in Pure H2, 1hr, 1073 K[14] 
For hydrogen spillover from a metal to an oxide, H2 usually dissociates on the metal into 
atomic H, which then spills over onto the oxide [56]. Figure 2-3 depicts spillover by showing 
adsorption and activation of a diatomic molecule onto a surface. The adsorbed species can then 
move across the surface to the interface with the second surface, where the original diatomic 
cannot adsorb. From an energetic point of view, chemisorption on the original surface is 
exothermic accompanied by the surface diffusion, which may have small activation energy. 
Breaking the bond with the original absorbed surface and forming a new bond at the interface of 
the two phases is the endothermic reaction that must then be facilitated by an increase in entropy.  
Spillover can take place from a metal to an oxide, from one metal to another, from one 
oxide to another, or from a metal oxide onto a metal. Spillover is not limited to the surface 
immediately adjacent to the activating surface; it can extend to other surfaces in contact with the 
accepting surface. As shown in Figure 2-3, a diatomic molecule first adsorbs onto a metal 
surface (dark region), and the activated species then spills over onto the support (white sphere), 
where it can diffuse to the interface with another surface (darkened sphere). The distances that 
the spilt-over species could transfer is not still clear, however Candau et al. [57] have reported 
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spillover over millimeter or centimeter distances. Although H2 does not readily adsorb or 
dissociate on most oxide surfaces, H2 dissociates easily on metals like platinum. The resulting 
hydrogen atoms can then spill over onto oxide surfaces. Further, the spilt-over species can react 
with the oxide itself or even a second surface in contact with the accepting surface.  
 
Figure 2-3 Schematic representation of spillover of a gaseous diatomic from an adsorbing surface onto a non-
adsorbing surface, as well as its energy level diagram. 
The bonding mechanism between platinum and alumina is mostly belived to be solid-
state ceramic-metal diffusion bonding. However, despite the different reaction mechanisms and 
products that have already been reported for the Pt/Al2O3 system, the exact bonding mechanism 
between them is not clear [4, 5, 58, 59]. This ambiguity could be due to the fact that Pt-Al2O3 or 
Pt-Al-O phase digrams are unknown or from the complicated behavior of metal and oxide at 
high temperatures. The first solid bonding of platinum/alumina system in a reduced atmosphere 
was reporetd by Allen and Borbidge [5]. They showed that bond strength increases by increasing 
time and temperature. They suggested that the best bonding was achieved just below the melting 
point of platinum and in the time of 10 hours or more. In addition, they showed that the 
application of force could enhance the bond strength.   
Panfilov [4] used a plasma evaporation technique for joining platinum and alumina and 
reported the formation of the transition layer between the platinum and the alumina coating (30 
 14 
µm in depth). The transition layer contained small (~ 1 µm) and large (~ 20-50 µm) alumina 
inclusions and possessed a rough surface on the ceramic side. Additionally, the alumina particles 
penetrated into the platinum matrix during the sanding stage, but this treatment has not changed 
the mechanical behavior of the platinum either at room or elevated temperatures. However, the 
true nature of the transition layer and the bonding is not clear yet [4].  
 
Figure 2-4 The transition layer between pt/alumina as observed by Panfilov [4] 
 
De Graef et al. [60] used the platinum/alumina system with and without an SiO2 
intermediate layer, for bonding in an air atmosphere. They showed that SiO2 could work as the 
liquid diffusion phase and enhanced the bonding between platinum and alumina by the 
assumption of the limited solubility of one of them or both. However, recently, Lu et al. [61] 
showed that the strength of direct bonding Pt/Al2O3 depends basically on the crystal orientation 
of platinum and alumina. When the orientation is suitable for semi-coherency, the interface has a 
strong driving force to adopt direct metal-ceramic bonding; when the orientation is not suitable 
for coherency, then a weaker metal-glass-ceramic bond is favored since the covalent bonds in the 
glass and alumina are more conducive to mutual bonding. They showed that the orientation 
relationship of the interfacial planes is [rhombohedral] or 
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, [hexagonal]. Using the literature data and their experimental data, the 
lattice mismatch was calculated to be ∼15% and 11% respectively, which is about the size for a 
semicoherent interface threshold lattice mismatch (i.e. ∼14%). These orientations show good 
bonding without the presence of glass on the interface. Another study by Suppel et al. [6] 
proposed that the direct bonding of polycrystalline platinum to the (0001) single crystal sapphire 
demonstrates larger bonding strength in comparison to the bonding of platinum to other crystal 
orientation. Santala et al. [62] also observed that the platinum participates in sapphire in the 
following orientation relationships after annealing for 100 hours in 1600 °C: ; 
. 
 
Figure 2-5 Platinum precipitates with ; formed in sapphire after 100 h at 1600 °C, 
imaged by (a) bright field-TEM and (b) HRTEM[62] 
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2.2.2 Physical interaction in the metal/ceramic interface 
 
In 1961 Cole and Sommer [63] showed that in order to form metal/ceramic seals strong 
enough for most electronic applications, it was essential to form a dense metal/glass composite 
metallizing layer. They showed that the strength of the seal depended on the size of the alumina 
grains and firing temperature. Cole and Hynes [64], also indicated that the average grain size 
increased with successively higher firing temperatures.  However, in large grain size metal 
surfaces was flooded with glass, the seals became weak because a intermediate layer for the 
metal/ceramic bond could not be created [65-67]. In general, it was shown [63-65, 68]that the 
metallizing variables affecting the strength of a metal-ceramic seal is determined by the extent of 
the glass migration into the metallizing layer. The most probable mechanism of glass migration 
is one of the capillary flow, in which the driving force is the surface tension of the liquid glass 
[66]. In the complete model to describe the glass migration, the ceramic and metal are assumed 
as two beds of powder. Capillary pressure of the molten glass in the pores is able to set up a 
pressure difference, which brings about a redistribution of the glass. Based on this model, the 
glass migration could be divided into three steps, as showed in figure 2-6.  
 
Figure 2-6 Stages in the distribution of a liquid in a powder bed: (a) pendular stage; (b) funicular stage; (c) 
capillary stage. 
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At low liquid concentrations, the liquid exists only as isolated wedges in the necks 
between the particles (pendular stage). As more liquid is added, the wedges build up until they 
just meet (funicular stage); at the last step, a small portion of liquid filled any hole and pores 
with capillary force (capillary stage). In the case of the sand bed and other powder beds in which 
there is a wide distribution of pore sizes, the three stages may co-exist in the partially saturated 
beds. 
There will be two sets of suction pressures for each bed, depending upon whether liquid 
is flowing into the bed P(in) or whether it is flowing out, P(out). Thus, when the metallizing 
layer and the debased alumina are in contact at the metallizing temperature, glass will migrate 
from the alumina into the metallizing layer until the suction pressure of the metallizing layer PM 
(in) becomes equal to the suction pressure letting glass out PAl (out). In a favorable metallizing 
situation the two suction pressures will not become balanced until the metal layer is practically 
saturated with glass, while in an unfavorable situation they will become balanced when the 
metallizing layer is only partially saturated. The least favorable condition, PM (in) > PAl (out) 
only occurs at a very high temperature, and then as the sample cools down, PM (out) becomes 
less than PAl (in) and it is possible that some of the glass will drain out of the metallizing layer 
and go back into the alumina. The metallizing layer will, therefore, contain some glass but will 
be porous and weak.  
Other than temperature, there are two major factors, which control the flow of glass; the 
glass migration could be caused by an increase in the volume of glass, which is produced by 
higher thermal expansion of the glass relative to the alumina. The values of PAl (out) and PAl 
(in) are assumed to decrease with increasing temperature as the glass expands more than the 
alumina and ultimately at a very high temperature (TF) it is possible for the glass to expand out 
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of the alumina and flood the surface of the alumina as observed by Floyd [65]. 
 
   
(a) (b) (c) 
Figure 2-7 Different glass migration flow, (a) Ideal metallizing conditions, (b) Favorable metallizing 
conditions, (c) Unsatisfactory metallizing conditions (drainage). 
 
Humidity of the atmosphere is also very important to determine the extent of glass 
migration into the metallization. In wet atmosphere, metal can form an oxide in high temperature, 
which could reduce the metal/glass contact angle. On the other hand, the glass/sapphire contact 
angles were less dependent on humidity and were always below 30. This difference between 
contact angles increases the pressure by increasing the humidity. In contrast to the tungsten and 
other refractory metals, the results of platinum/glass contact angle showed that the contact angle 
does not change uniformly with temperature. It decreases with increasing the temperature up to 
about 1150 °C and then increases [69]. This change of behavior can be due to the change of 
surface properties of platinum by temperature. Platinum surfaces can be oxidized by high 
temperature oxygen treatments in the 800 to 1100 °K temperature range [70]. This oxide is non-
reactive below 1100 °K. Decomposition of PtO2 above 1150 °C and desorption of oxygen from 
the bulk of platinum, decreases the interaction of the glass with surface of the platinum and then 
increases the contact angle. This change of behavior can change the effect of glass in platinum/ 
ceramic binding and also increases the chance of glass flooding on top of platinum. 
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Figure 2-8 The platinum/glass contact angle in different temperature [69] 
 
2.3 Kinetics and thermodynamics of metal/ceramic interaction 
2.3.1 Kinetics of metal/ceramic interaction 
The reaction kinetics of metal/oxide interface is controlled by the electric field, induced 
by electronic interaction, in particular, the long-range charge transfer at metal/oxide interfaces. It 
is therefore expected that there is an interplay between the electronic interaction and the 
chemical interaction in metal/oxide interface [2]. Such interplay originates from the strong 
coupling between the interfacial mass transport and charge transfer, which could be used to 
explain the kinetic of the reaction. The reaction results can be explained in the framework of 
Cabrera–Mott theory [71]. The Cabrera–Mott theory was first suggested to explain the oxidation 
of metal surfaces and formation of thin films by metal oxidation at low temperatures. In this 
theory, there are two important points to be considered, (1) electron transfer occurs between the 
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surface adsorbed oxygen and metal and (2) the resulting electric field in the oxide layer can 
lower the barrier for ionic mobility.  
The Cabrera–Mott theory can be generalized to be applied in the metal/oxide reaction by 
calculating the electric field at the interface, ES, as a function of EF (Fermi energy) the positions 
in both metal and ceramic [72, 73]. Interface reactions can be uniquely controlled by the relative 
positions of EF in both phases before establishing contact. A variation of these positions is 
directly coupled to the changes in the electric field at the interface and modifies the 
corresponding reaction rates. After contact between the metal and the oxide, charge transfer can 
establish electric field across the interface, subsequently affecting ion transport in the vicinity of 
the interface. An analytic expression of ES could be found in the work of Kingston and 
Neustadter [74]. 
The calculation demonstrates that ES changes with EF of the metal or the oxide 
monotonically and it could be used to predict the thermal stability of the metal/oxide interface 
semi-quantitatively.  At relatively low temperatures, ES is a critical parameter that determines 
transport processes at the interface in the cases including the initiation of metal oxidation at 
metal/oxide interfaces and the encapsulation of metal nanoclusters by oxide supports. In each of 
the reactions mentioned above, the coupling between the mass transport and charge transfer may 
require different electronic configurations of the two contacting phases in order to favor the 
interface reaction. Lists of the transport processes in all those reactions are shown in table 2-2. 
Table 2-2 Summary of reactions at solid–solid and solid–gas interfaces 
Interface 
reactions 
Contacting phases 
 
Diffusing species & 
direction 
EF arrangements favoring 
reactions 
Redox reaction Metal ∥ Oxide O2−,   
Encapsulation Metal ∥ Oxide Tiin+,   
Surface 
oxidation Metal ∥ Gas 
O2−,  or 
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For example, in the case of encapsulation reaction [26], the metal should have a large 
work function and the oxide requires a  high electron density or n-type doping like the Pd/TiO2 
system. The contact between the oxide and the metal will establish a positive space charges in 
the TiO2, which drive the outward diffusion of Tiin+ but hinder the outward diffusion of oxygen 
anions (O-2) at relatively low temperatures. Such a difference in the diffusion rates of Ti and O 
enables the enrichment of Ti at the surface. On the other hand, the outward diffusion of Tiin+ will 
gradually weaken the positive space charges, which allows the outward diffusion of oxygen 
anions, thus favoring the formation of TiOx (x <2) on the surface (see Figure 2-1B−D). Due to 
the difference of the surface energy of the TiOx and the metal, TiOx tends to cover the surface of 
the metal as clusters, resulting in encapsulation. At higher temperature, the diffusion of oxygen 
will be activated thermally and the decorating layer forms with the stoichiometric composition 
similar toTiO2. 
  
(a) (b) 
Figure 2-9 Schematic diagrams of kinetics and thermodynamics of encapsulation of metal with TiO2. (a) 
Energy bands of a metal/TiO2 interface in the case of EF(Metal) < EF(TiO2) , which creates positive space 
charges at oxide surface regions to promote the outward diffusion of Ti interstitial ions, Tin+ (n<4).  (b) Mass 
migration of TiOx (x<2) onto metal clusters driven by the minimization of surface energy of the whole system. 
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2.3.2 Thermodynamics of metal/ceramic interaction 
 
Thermodynamics can be used to find out if a chemical reaction is favorable. The classic 
thermodynamics may consider the bulk thermodynamic data, but for interface reactions, the 
influences of interface and the surface energy should be taken into consideration.  In a simple 
single oxide ceramic (MeIIO) in contact with a metal (MeI), the series of reaction could happen 
depending on the conditions. The following reactions can be written including the free energy 
(ΔG0) involved in the reactions:  
MeIIO  MeII + ½ O2            ΔGMeIIO (1) 
H2 + ½ O2   H2O                   ΔGj (2) 
MeI + ½ O2  MeIO  ΔGMeIO (3) 
MeIO + MeI  [O]  ΔGl (4) 
MeIO + MeIIO  [MeIO]MeIIO ΔGm (5) 
MeI + MeII  [MeII]MeI                              ΔGn (6) 
 
The component between the brackets [  ] is dissolved in the indexed phase. Reaction 
will occur if the total Gibb's free energy (ΔGR=ΔH-TΔS) of the relevant reactions is negative. 
In many ceramic-metal systems,  a reaction is not expected if only the affinity of the metal 
to the non-metallic species of the ceramic is considered or if a reducing gas is involved in 
conditions that are not sufficient to reduce the ceramic. However, taking into account all the 
possible reactions, ΔGR can become negative. For a large number of oxides and metal alloys 
the values for ΔH are well known, but generally not for ΔS. Since in solid-state reactions, 
changes in entropy are negligible, the enthalpy changes for the reactions can be simply used 
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for thermodynamic criteria to calculate the Gibbs free energy. Using this general description 
the temperature in which the reactions will happen, could be calculated. 
For example, in the redux reaction system of Nb/Al2O3 in vacuum in the range of 
temperature 1000 – 2000 °K, the condition can be written as: 
⅓Al2O3            ⅔Al + ½O2 ΔG0= 562418.8 – 108.48T (7) 
Nb + ½O2         NbO ΔG0= -98860 + 20.31T (8) 
NbO                 [O]Nb + Nb  ΔG0= 7700 + 1.43T (9) 
Nb + ⅔Al         ⅔[Al]Nb ΔG0= ΔH0=-11470 (10) 
⅓Al2O3 + Nb     ⅔[Al]Nb + [O]Nb  ΔGR= 31700 – 4.15T (11) 
 
Since it is a non-standard conditions reaction, the free energy of reaction should be 
calculated with Raoult's law:  
ΔG = ΔGR + 5/3 RT In x                                                                                                        (12)    
where x is the atom concentration of [O]Nb and consequently the concentration of [Al]Nb is ⅔ 
x, yielding equilibrium oxygen partial pressure (pO2) as: 
                                                                                                       (13) 
where is the Gibbs free energy for oxygen and could be derived from equations 8 and 9. 
The Gibbs free energy and oxygen partial pressure can be calculated now as the function of 
temperature and [O]Nb, on the assumption that the solutes (Al and O) have no mutual effect. 
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From these results it is clear that ΔG depends on the oxygen concentration in the Nb and the 
oxygen partial pressure has to be extremely low for the reaction to proceed. The solubility of 
oxygen in Nb decreases with decreasing temperature, which means that NbO will form from a 
high-temperature saturated solid solution during cooling. 
This type of thermodynamic calculation could also be used in alloy formation reaction. In 
the Pt/Al2O3 system in hydrogen atmosphere, the Gibbs free energy of PtO2 reaction is positive 
but the enthalpy of the formation of the Pt-Al alloy is negative. If the heat of solution of H2 in 
platinum is neglected, the reaction equations for the standard condition in the temperature range 
1000-2000 °K are: 
 
⅓Al2O3                    ⅔Al + ½O2 ΔG
0= 562418.8 – 108.48T (14) 
H2 + ½O2                   H2O  ΔG
0= -249659 + 57.11T (15) 
2Pt +⅔Al                    ⅔Pt3Al ΔG
0= ΔH=-127200 (16) 
 Pt+⅔Al              Pt8Al21 ΔG0= ΔH=-19009.76 (17) 
⅓Al2O3 + H2+2Pt       ⅔Pt3Al + H2O  ΔGR= 185559.8 – 51.37T (18) 
⅓Al2O3 + H2+ Pt    Pt3Al + H2O  ΔGR= 293750 – 51.3T (19) 
 
Experimental data for Pt/Al2O3 system are from Ref. [55, 75, 76]. For non-standard 
condition the Gibbs free energy is; 
                                                                         (20) 
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                                                                  (21) 
For ΔG=0 and given values of [AlxPty] the ratio pH2/ pH2O is shown in figure 2-10. The 
combined influence of the entropy and of the heat of solution of Al in Pt on the required pH2/ 
pH2O ratio for reaction is shown by the position of the lines relative to the line for the reduction 
of Al2O3 by H2 in the absence of Pt (eq. 24 and 15).  It should be noted that, the reduction of the 
alumina occurs only at the metal interface and therefore does not affect the ceramic free surface. 
 
 
Figure 2-10 Reaction conditions for the Pt-Al2O3-H2 system. Reaction occurs below the line of a given [AlxPty]. 
 
It is clear from figure 2-10 that metals may be less reactive if they contain one or more 
components of the ceramic as impurities, depending on the heat of solution of ceramic 
components in the metal. Whether the reactions that are thermodynamically favorable really 
occur under the usual non- equilibrium conditions is based on reaction kinetics. The kinetics of 
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the reaction play an important role here since reaction products could be observed only after 
prolonged heating.  
In the above calculations, energies associated with surfaces and interfaces were not 
included. Interfacial energy is of general interest, because it is a fundamental thermodynamic 
property of interfaces. The ceramic–metal interfacial energy affects the contact angle, work of 
adhesion, and mechanical strength of the interface. In nanostructured metal/oxides system, the 
contribution from the surface and the interface energies to the total free energy could be 
significant and should be considered in the thermodynamic calculation. Several studies [26, 77, 
78] showed that minimization of the surface energy of a system is one of the main driving forces 
for an encapsulation reaction, as shown in figure 2-9 b. In this case metals with high surface 
energy (e.g., Pt and Pd, but not Au, Cu) favor encapsulation and oxides with low surface energy 
such as TiO2 and V2O5, more easily undergo the encapsulation state than oxides with relatively 
high surface energies, such as SiO2 and Al2O3 [26, 78].   
In the case of a weak interaction between the metal ﬁlm and the substrate, the minimization 
of the total Gibbs free energy due to surface energy gives rise to break down, decomposition and 
agglomeration of thin metallic ﬁlms and in some cases the re-dispersion of the agglomerated 
particle. In the next section we will discuss the mechanism and thermodynamics of metal film 
instability. 
2.4 The instability of metal thin film 
 
At elevated temperature, the thin polished film is not as stable as in the room temperature. 
Atoms move at elevated temperature and surface grain grows wherever a grain boundary 
emerges to intersect the surface and in some cases this agglomerated films redisperse again. The 
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morphological stability of a metal thin ﬁlm on a ceramic material is conditioned by the aspect 
ratio, the interaction across the interface, and the tendency of the thin ﬁlm to reduce its free 
surface energy. Two models have been proposed to explain the growth of dispersed metal 
particles on a surface of oxide ceramic. One is particle migration, which postulates the migration, 
collision, and coalescence of nanoparticles [79]. Another alternative is the molecular migration 
model where the growth occurs by inter-particle transport of metal atoms or molecular species 
[27, 29]. The latter mechanism is often referred to as Ostwald ripening [80]. It has been showed 
[33, 81-84] that either particle migration or atomic migration is the sintering mechanism 
according to the support used and the interaction between metal and oxide support. Baker et al. 
[81, 82] evaluated the strength of metal/oxide interaction for different systems and showed that 
the sintering mechanism is the atomic migration when the interaction is strong but it changes to 
the particle migration when the interaction is weak. Straguzzi et al. [83] showed that the number 
of the interaction points increases by increasing the surface area of the particle. For small surface 
area particles the interaction is probably weak and the resistance to migration is low, so they can 
migrate on the surface of oxide and sinter upon collision; while for high surface area particles, 
the growth can occur only through the atomic migration.  
In the case of metal/oxide interface, two kinds of re-dispersion are distinguished [32]. In 
the first kind, no wetting angle can exist between crystallites and substrate; in the second kind a 
wetting angle is possible, but a two-dimensional fluid coexists with the crystallites. At high 
temperatures, platinum starts to oxidize. In case of Ni/Al2O3, results showed that NiO and 
NiAl2O4 are present after heating and NiO almost transformed completely to NiAl2O4 after 2 
hours. The electronic structure of alumina suggests that the interactions between metals and 
oxide surfaces in low temperature are dominated by either interfacial bonding or metal 
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polarization effect, yet some researches reported the observation of the formation of platinum 
aluminate structure in temperature as low as 650 °K.  This oxide starts to spread from the 
platinum particles over the surface of the alumina by extending what are referred to as their feet. 
If several particles are close enough, the spreading films meet each other and merge into a patch 
of relatively thick film, which joins the particles. In the Ni/Al2O3 system, after 30 min of heating 
the foot starts to detach from the body, probably due to the strain buildup at the junction of foot 
and main body of particle. After about 2 hours, the feet of the particles continue to spread over 
the surface of alumina to form aluminate and create a contiguous film, undetectable by electron 
microscopy that covers the entire substrate. After about 14 hours of heating in steam, the 
particles achieve their equilibrium angle and coexist with the undetectable film [7].  
In the first step of heating, the foot tends to spread due to the large spreading force acting 
on the thin film, while the main body of the particle tends to contract due to the formation of 
aluminate. Such a detachment occurs only if the stress generated is large enough, which is not 
the case for all particles [7]. The complex formed at the substrate-metal interface has lower 
wettability in comparison to the metal oxide; in addition, it has a structure that induces strain in 
the metal energy that is relaxed in part by the fracture of the crystallite [51, 85, 86]. It can also 
diffuse into the substrate and break the alumina substrate [87]. Wang and Schmidt [86] 
developed a void model to described the particle splitting in the sintering process. At the metal-
metal oxide interface, cations form and diffuse through the oxide film along with electrons to the 
metal oxide-oxygen interface. Oxide thus grows at the free surface of the oxide film with metal 
ions coming from the underlying metal. On a flat surface the oxide can recede as the metal leaves 
the interface, while on a curved surface a void is necessarily created unless the oxide film can 
break up and collapse continuously on the receding metal. An identical situation may occur in 
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oxidation of a small metal particle. Metal will be transported from the metal-metal oxide 
interface in forming the new oxide, and this must create a void at the interface, which will stop 
the further growth. Growth can only continue if a metal transport path exists from the metal 
particle to the metal oxide layer.  
 
Figure 2-11 Schematic representation of re-dispersion and sintering (a) nonwetting nickel particle in steam 
before feet formation, (b) the formation of feet on heating in steam, (c) the detachment of the feet from the 
main body on further heating in steam, (d) the spreading of the feet to form thick films, and (e) formation of a 
thin surface film 
 
2.4.1 Thermodynamics of thin film instability 
 
In addition to the approach mentioned above, the stability of thin films in high 
temperature could also be studied in the context of thermal grooving theory [88-93]. At elevated 
temperatures, the thin film is not as stable as in the room temperature. Atoms move at elevated 
temperatures and surface grain grows wherever a grain boundary emerges to intersect the surface. 
One particularly interesting and general problem relates to the stability of the film against shape 
changes, which tend to break up the continuous film into a group of islands. Instability of thin 
films is mainly due to grain boundary grooving and grain boundary vortices caused by capillary 
forces. In the idealized case, Mullins [88] showed that the evolution of a surface driven by 
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capillary forces may be described in terms of velocity Vn, of the outward surface. In the case that 
dominant transport mechanism is surface diffusion, the velocity can be written as 
                                                                                                                                 (22)           
where κ is the local curvature of the surface; and V is a surface Laplacian and B = DsγvΩ2ν/kT is 
the normalized diffusivity. The normalized diffusivity is a function of Ds ,the surface self-
diffusion coefficient, γv, the film-vapor surface energy, Ω,the atomic volume, v, the number of 
diffusing atoms per unit surface area, and kT, the thermal energy. For a sinusoidal perturbation, 
Φq(t) = A(t) sin (qx), the difference between the energy of the perturbed system and that of the 
unperturbed system (i.e., flat film of uniform thickness) is given by 
                              
                          (23) 
Where γS is the film-substrate surface energy and ,where the local film 
thickness h(x,y) is initially parallel to the x-y plane. ST and S' represent the total area of the 
substrate and the area of the substrate covered with the film, respectively.  
In real case, unlike the ideal thin film considered by Mullins, microstructures are 
composed of interconnecting grain boundaries. The thin film consists of several grains. Each 
grain boundary interacts via surface diffusion with other grain boundaries. In addition to that, the 
properties of the vertex line where three-grain boundaries meet may be different than those of the 
grain boundaries in isolation. In a simple case grain boundary vortices can be considered as a 
periodic arrangement of a series of circular holes extending from the vapor down to the substrate, 
and grain boundary grooving could be considered as periodic arrangement of a series of island.  
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Figure 2-12 A symmetric arrangement of grains in a thin film (a). The grains extend from the free surface 
down to the substrate. There are two equivalent unit cells in this structure. (b) One grain completely 
surrounded by grain boundaries. (c) The grain boundary vertex where three grain boundaries meet. (d) A 
thin film containing an array of holes with radius, which could be used to model the grain boundary vertices. 
In the first case, Srolovitz and Safran [90] showed that, with the small slope 
approximation equation can be written as 
               (24) 
where γ=γv/γS . When the slopes are large the small slope approximation (i.e. [1 + (h')2]½=1+½ 
(h')2 ) leads to the results which should be both qualitatively and semi-quantitatively valid. By 
the help of the minimization process, equation 24 yields to  
                                                                                        (25) 
where and . In case of grain boundary vertex Srolovitz and Safran 
added the grain boundary energy to equation 23, however the final equation did not have 
complete analytical equation. 
                                                            
(26) 
The minimum value of  can be determined below which no equilibrium grain 
boundary vertex pit exists, and is written as  
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                                                                                                                          (27) 
where Γ=3γG/2π γv. Srolovitz and Safran argued that, since ρm would be expected to be in the 
range of 0.1 to 0.5, the hole due to the grain boundary vertex pit is expected to grow. These 
results suggest that polycrystalline films are unstable to hole formation and growth leading to 
film rupture due to the presence of grain boundary vertices. 
In calculating the energetics of the islands, the same procedure used for holes can be 
developed. Applying equation 23 to the island geometry yields the difference in energy between 
the array of islands and the uniform film and can be shown as: 
                                                            (28) 
Which yields to the: 
                                                                                                            (29) 
Where a is the film thickness and β has the same meaning as before. Calculating the minimum of 
ΔE for different β, shows that the minimum happens at . Increasing β moves the 
minimum to smaller p. Their results showed that, for β > 27, the minimum value of ΔE is less 
than zero, and hence, the island is stable with respect to the film. For β < 8, the minimum in ΔE 
occurs at ρ > 1. Since ρ cannot be greater than 1, this indicates that the array of islands will touch 
and reestablish the continuous film. For 8 < β < 27, the islands have a minimum energy shape 
and size, but the array of islands is in metastable equilibrium with respect to the continuous film. 
In a real grain structure, the minimum surface energy shape of each grain is a spherical 
cap, which is consistent with the parabolic structure of the islands from equation 28. This cap 
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meets the grain boundary at an equilibrium angle. The equilibrium angle θ, as defined in figure 
2-13, is given by θ=sin1(γG/2γv). Based on the equilibrium angle, the depth that the groove that 
will intercept the substrate could be calculated as: 
                                                                                                         (30) 
Similar to an island structure, it can be shown that for β > 27, the grain boundary groove 
intersects the substrate and the bumps will contract to form separated islands. 
 
Figure 2-13 The equilibrium grain boundary groove configuration for a circular cross-section grain. The 
shape of the free surface is a spherical cap which intersects the grain boundary at an angle θ, the grain 
diameter is 2R, the film thickness is a, and the equilibrium groove depth is d. 
 
Employing the presented calculation showed that holes in thin films will grow provided 
they are larger than a critical value which is a function of the inter-hole spacing and the ratio of 
two interfacial parameters, as embodied in the composite parameter. For large value of β, the 
film pinches off to form islands, and the islands will be stable. However, if the film goes through 
a temperature change process to change β, a transition from islands back to holes is possible. 
Srolovitz and Safran [90] showed that β for the island to hole transition is between 8 and 27. This 
suggests that there is some hysteresis in the hole-island-hole transition cycle. 
Based on maximum depth calculation from equation 30, the maximum grain size for which the 
grain boundary groove will eventually hit the substrate and hence ruptures the film could be 
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calculated. In most cases, in addition to grain boundaries, the pit associated with a grain 
boundary vertex will extend all the way down to the substrate. The holes associated with grain 
boundary vertices grow. These holes are more detrimental to film integrity and more difficult to 
protect against than the grain boundary grooves. 
2.4.2 Thermodynamics of thin film sintering and re-dispersion 
 
Sintering and re-dispersion process could also be explained thermodynamically in terms 
of wetting [7, 32, 94, 95] and the conditions that sintering by migration of crystallites or sintering 
by Ostwald ripening could be identified. When a thick film is transferred from a large reservoir 
to a uniform substrate, which means that the range of the interaction forces between one atom 
and the substrate is much smaller than the film thickness.  The specific free energy of formation 
is given by: 
σ∞ = σmg + σms - σgs                                                                                                                      (31) 
If h indicates the thickness of the film, the σ∞ is the free energy of the film with h 
thickness. If the σ∞ <0 the film is stable and it wets the substrate. The interfacial free energy 
between film and substrate is given by,  
σms = σm + σs - Ums + Usms                             (32) 
where Ums   is the interaction energy between the metal and substrate and Usms  is the strain 
energy per unit area due to the mismatch of the two lattices. Substituting equation 32 into 
equation 31 and considering that σm ≈ σmg and σs ≈ σsg, the free energy of the film formation can 
be approximated as: 
σ∞ =2 σmg - Ums + Usms                   (33) 
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At the wetting condition of σ∞<0 or when  2 σmg < Ums + Usms., the film spreads over the 
substrate because this causes a decrease of the free energy of the system. When the film is not 
stable thermodynamically, it coalesces into islands. The island forms the angle θ with the 
substrate based on Young’s equation. 
Same kind of formulation can be used to compare the driving forces for the spreading of 
the aluminate phase or of the oxide phase on alumina, and the free energies can be written 
respectively as 
σoxide/alumina =2 σoxide - Uoxide-alumina + Us oxide-alumina                    (34) 
σaluminate/alumina =2 σaluminate - Ualuminate-alumina + Us aluminate-alumina                 
(35) 
In the case of Ni/Al2O3, no data is available for surface energy of aluminate and oxide 
though it is reasonable to consider that σaluminate and σoxide are of the same order of magnitude. 
The lattice parameter of the alumina and aluminate are in the same order and NiO is almost half 
of them, which indicates the greater strain energy for NiO on alumina than for the aluminate on 
alumina. However, because NiO can interact chemically with alumina to form aluminate and no 
such strong chemical interactions exists between aluminate and alumina, one has Uoxide-alumina>> 
Ualuminate-alumina, which suggest that σoxide/alumina<σaluminate/alumina, and oxide over alumina is more 
stable than aluminate on alumina.  
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3 Multilayer Ceramic technology 
3.4 Introduction 
Multilayer ceramics represent a number of technologies that are capable of producing high-
density electronic substrates with highly desirable properties. The development of multilayer 
ceramics was first demonstrated in the preparation of capacitors in the late 1940s [96]. Over the 
following 10 years, the techniques necessary to produce multilayer high-temperature cofired 
ceramics (HTCC) substrates were developed. This technology has been used and is still in use 
for a wide range of single-chip packaging solutions as well as for multilayer substrates used in 
high-density electronic modules. The benefits of this technology include low electrical losses, 
very high interconnect density, stability at high temperatures, and the ability to easily include 
three-dimensional structures such as inductors and ceramic microelectro-mechanical system (C-
MEMS) devices. In addition, these materials can be intrinsically hermetic in nature and offer 
thermal conductivities as much as 100 times greater than traditional polymeric substrates.  
The multilayer ceramic process is fundamentally a parallel process in which each layer is 
fabricated separately and then combined to form a device, as shown in figure 2-1. Each layer 
begins as a roll of glass and/or ceramic particles in a polymer matrix, which has been casted as 
tape to a particular thickness on a plastic film. After cutting the tape to size, each layer is 
punched or laser-cut to form the holes (called vias) and any desired cavities. The vias are filled 
with conductive ink. In general, each tape layer contains a unique set of printed electrical traces 
on its surface, as well as vias through that given layer. Each layer is submitted to a screen-
printing process to create the interconnects on the surface of the tape layers. Throughout careful 
design of this combination of layers, traces, and vias, a three-dimensional block of ceramic is 
created with embedded electrical circuitry. At this point in the process, the layers are stacked up 
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and aligned to each other. Once aligned, the assembly is laminated to bond the polymer 
components of adjacent layers. This stack of layers is still a flexible substrate that contains 
significant amounts of polymeric material. In the firing process, the polymeric component is 
burned off in a furnace as the first step. The polymer component is converted to gas and vented 
from the furnace, leaving behind only the ceramic or glass as well as the metal traces and vias. 
This assembly is fired to sinter the ceramic or glass into a dense ceramic body that contains the 
desired metal interconnections [97].  
 
Figure 3-1The process of multilayer ceramic technology 
3.5 Materials  
3.5.1 Ceramic tape 
High Temperature Cofired Ceramic (HTCC) is a term to describe ceramic substrates that 
are consolidated at temperatures above about 1000°C. This definition includes aluminum oxide, 
aluminum nitride (AlN), and a variety of other under development or barley-used materials. 
HTCC alumina tapes have been commonly used in electronic packages for decades due to their 
benefits, cost and existing manufacturing infrastructure. The benefits include electrical 
performance, mechanical stability, thermal properties and compatibility with existing 
microelectronics processes. HTCC is mechanically very stable compared to other ceramics or 
 38 
organic packagings.  The Young’s Modulus for 92% alumina is about 275 GPa compared to 
plastics, which are 50 to 100 times less. A very important benefit of HTCC is the ability to 
achieve hermetic IC packages. This is an important benefit for different industries especially the 
medical market [98-100]. However, some applications were hard to fit in the HTCC technology 
because of the intrinsically low conductivity of refractory conductors that are able to withstand 
the high firing temperatures that HTCC requires. An extension of this technology is Low 
Temperature Cofired Ceramic (LTCC). LTCC was developed in the early 1980s, in part for 
applications that suffered from the high conduction loss of HTCC products [101-104].  
LTCC in some way was evolved from HTCC with the purpose of achieving low loss, 
high speed, and high-density packaging with lower firing material. Lower firing temperature 
allows for the incorporation of non-refractory metals such as silver, gold, and copper. These 
materials offer far superior electrical conductivities, and therefore LTCC can, in general, offer 
superior high frequency electrical performance in comparison to HTCC. Because of these 
properties, LTCC has been used to produce Multichip Ceramic Modules (MCM-C), sensors and 
actuators [105]. However, this improvement is not without its limitations; LTCC materials are 
glass-ceramic compositions with inferior mechanical and thermal properties when compared to 
HTCC. This reduced strength and reduced thermal performance are intrinsically tied to the 
compositions of the crystallizable LTCC materials or the sintering additives that are added to the 
alumina-glass LTCC composites. In addition to that, HTCC materials are mostly biocompatible 
and used for bio application, while LTCC materials are not proven to be biocompatible. As a 
result, a trade-off is required to select the material that best matches the requirements of a given 
application.  
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HTCC and LTCC offer a number of compelling advantages over traditional thick-film, 
organic, and other packaging options. In general, HTCC substrates exhibit high mechanical 
strength, high thermal conductivity, consistent and attractive electrical performance, hermeticity, 
refractory metallization, and reliable brazing technologies. LTCC offers many of the same 
features but with reduced mechanical properties and improved electrical properties [106].  
3.6 Cofired inks 
Both noble and refractory metals ink are used in multilayer HTCC ceramics. Noble metals 
(Pt and Pd) are relatively expensive but may be fired in air atmosphere, while, refractory metals 
(Wand Mo), must be fired in a reducing atmosphere to prevent oxidation. On the other hand, 
gold, silver, and copper are the most dominant inks for the LTCC technology. These metals are 
compatible with the low-firing temperatures of the LTCC systems and offer superior electrical 
conductivity. Gold finds major use in aerospace and high-reliability applications due to its 
stability and oxidation resistance. Silver is much lower in cost and can be fired in air, so it is very 
attractive for more cost-sensitive markets. Copper is also inexpensive but because of its strong 
affinity for oxygen, special inert firing atmospheres are required[97, 99, 100, 104].  
3.7 Tape handling and casting  
Casting and handling tape for multilayer ceramic application is the well known traditional 
process that is used for more than 50 years. Multilayer ceramic tapes use many of processes that 
have been used for more than 50 years to produce thick-film circuits and components [107, 108]. 
Because of the fragile nature of the tape layers in green state, some special precautions are 
necessary in their handling process. The five general areas of concern are humidity control, 
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temperature control, reduction of particulate matter, and static control, as well as support and 
handling of the fragile tape layers.  
 
Figure 3-2 Sintering mechanism of the HTCC tape 
Ceramic substrates are typically composites of crystalline and noncrystalline phases. The 
composition of the substrate is, of course, a function of the inorganic (and organic) components 
incorporated as raw materials. The first HTCC tape was produced with 92% alumina, while 
different composition of alumina from 90 – 99% are currently using as the commercial HTCC 
tapes. In the most commercial HTCC products, the three main inorganic components are alumina, 
talc and clay. Clay and talc are used as the glass phase and decrease the sintering temperature by 
creating liquid phase sintering. Some other additives like chromium oxide or refractory metals 
(i.e. W, Mo and Ti) also could be added to the formulation to control the color and opacity of the 
final tape. Most of the time this colorification and opacification does not have any functional 
benefit, although it eliminates the visibility of subsurface metallization.  
Particle size is an important element in the performance of an HTCC system. Fine 
particle size promotes rapid densification and can be an effective means of lowering the sintering 
temperature or time spent at temperature; they are often difficult to disperse effectively. 
Agglomerates and aggregates function as large, primary particles, exhibiting correspondingly 
large pores and voids. This coarse microstructure leads to a net reduction in sintering efficiency. 
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Prior to mixing, the classification of powders has been employed as a means of rendering a more 
uniform particle size distribution, or to remove large agglomerates.  
In the tape casting process, inorganic powders are mixed with solvents, binders, dispersants, 
plasticizers, deflocculants, and other additives. At the first step, the slurry of ceramic powders, 
solvent, and dispersant is milled for 12 - 24 h until the desired degree of dispersion, reflected in 
the slip viscosity, is achieved. In the second stage of slip preparation, the remaining organic 
components are added and milled for additional 12 – 24 hours.  At the end, the milled compound 
is casted onto the polymeric carrier with desired thickness. 
3.8 Via and cavity formation  
The first process after preparation of the tape, is typically via and cavity formation. In this 
process vias, cavities and channels are punched or cut into the tape. These are to form a wide 
variety of unique electrical and mechanical features within a substrate and to allow electrical 
connections between layers in the vertical axis of the substrate. Laser cutting and mechanical 
punching are the two major approaches that are used for via and cavity formation[109]. 
By far, mechanical punching is the most popular method for via formation due to the high-
speed nature of this process as well as high quality of the resulting vias. Laser cutting of tape has 
its advantages in the formation of channels or cavities with complex shapes. However lasers 
generally do not cut vias as cleanly as a mechanical punch, and vias are conical in shape when 
they are cut with laser. This is due to small spot size of the laser and its shallow depth of focus. 
As the laser starts to cut through the ceramic, it begins to defocus slightly, which results in the 
conical shape of the via. In addition, the ablation process tends to leave debris on the tape's 
surface. This material consists of the tape material that was not completely ablated.  
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In contrast to the laser, mechanical punches must use custom die or be programmed to 
nibble away the desired structure. Mechanical punching methods can be separated into two broad 
categories: hard tooling and soft tooling. Hard tooling consists of a designated die set for a 
specific design to punch large number of holes at the same time. The process is very fast but it is 
restricted to the specific design and the cost for modification or make any change in the design is 
enormous.  Because of that, hard tooling is generally only used for high-volume production in 
well-established designs. In contrast, soft-tooling methods use a computer-controlled punch and 
die, which allows for rapid design changes that only require the change of a computer file. 
Computer programs are used to generate these files from CAD layout and to optimize the 
punching sequence for maximum speed. These soft-tooling processes are slower than hard ones 
but much more flexible in terms of their use for multiple designs or design revisions. In most 
cases, the tape layer is moved, and the punch and die are fixed with reference to one another. 
Accurately moving the tape layer and repeatedly moving the punch into the die at the desired 
location can fabricate a large number of vias very rapidly. 
3.9 Via fill 
To create electrical interconnects between layers, the via holes must be filled with 
conductive metal. This process is generally done by injecting a high viscosity thick-film ink into 
the holes with either stencil printing or a bladder-fill operation. The high viscosity of ink is 
designed to fill a 4 to 12 mil (100 – 300 μm) via hole without running or sagging prior to drying. 
A solid plug remains inside of the via hole to entirely fill the hole after burning off the organics 
in the firing process. This plug creates a low-resistance electrical connection from one side of the 
tape to the other, as specified by the design. 
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Figure 3-3Pictures of microvias in163 μm thick LTCC tape.  Left) punched via. Right) laser-drilled via [109] 
 
The stencil-fill process is very similar to conventional screen-printing; however, most 
foundries use a metal stencil rather than a mesh screen. The stencil is mounted in a screen printer 
that is usually configured in a way to be contact with the tape, which provides zero snap-off 
distance during the printing cycle. In this way, the printing process will not deform the stencil. 
The suitable viafill ink is applied to the stencil, and the printing process is then activated to fill 
the vias in a particular tape layer all in one pass. This process is repeated for each of the design 
layers in a given substrate to produce a sufficient quantity of each layer for the desired number of 
substrates.  
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The bladder-fill process, similar to the stencil-fill process, uses stainless steel mask, however 
the injection processes are fundamentally different. A bladder filler uses a rubber bladder and 
compressed air instead of the shear force of the squeegee in stencil printing. Some tooling holes 
are also used in the stencil in addition to the via holes to align the stencil in the bladder-fill 
system. The paste to be injected is spread across the surface of the stencil, and then a clean 
rubber bladder is placed on top of the ink. This combination of stencil, ink, and bladder is loaded 
into the machine. A tape layer to be filled is placed on the stage of the machine, and then the 
machine is cycled to fill the tape layer. During this process cycle, the bottom of the stencil is 
brought into alignment with the tape layer using mechanical pins or machine vision to register 
the two components accurately. Pressure is then applied to the stencil or bladder assembly to 
maintain contact between the two and form an air-tight seal. Pressure is applied to the rubber 
bladder, which then forces the ink through the stencil and into the empty vias. This process only 
requires a few seconds, and the result is a tape layer with metal-filled vias [110]. Generally, a 
stencil will be loaded into a machine for a given design layer, and a large number of parts for the 
design layer will be filled in a consecutive manner. It is a common practice to use this method to 
fill thousands of vias in a given tape layer in one rapid process 
3.10 Tape layer collation and lamination 
To create the final substrate, the appropriate layers must be stacked in an intimate way so 
that they sinter together during firing and create final part. In this way, the layers should stack 
together first and then be laminated to create a solid block of ceramic and metal that contains the 
circuitry of interest. Two principal methods are used to achieve this alignment: optical 
alignments with machine vision and pin-alignment fixtures, called palters.  
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The pin-alignment fixtures have four pins located at the corners of the tape blank, which 
are inserted from the edge of the tape layer. Holes are placed in a small distance and correspond 
to punched or cut holes in the tape layers. Each layer then identically placed over the pins and 
slipped down to the substrate. By locating each successive tape layer with respect to the pins and 
the identical punched holes, the tape layers can all be precisely aligned to the pins and therefore 
each other at the end. The principal limitation of this approach is that the tape layers tend to 
stretch and, in some cases, the holes in the tape are slightly deformed by the pins, which could 
create some alignment error. Optical alignment based on camera systems and computer-based 
machine vision is a far superior method that can minimize alignment errors. In a fully automated 
process, a machine picks up each layer by vacuum, and then a set of cameras will identify 
punched or printed structures on the tape layer. The identified identical alignments marks on 
each layer then are using to precisely align the layers to each other.  
Once the layers have been collated or stacked, a more permanent bond is required prior to 
firing. High pressure and elevated temperature softens the polymer matrix of the green ceramic 
and facilitates good adhesion and coalescence of adjacent layers. This process helps the particles 
within adjacent layers to be in intimate contact during the firing process to prevent the formation 
of voids and delamination in the final substrate. The layers are very difficult to separate after 
lamination, and the substrate is ready for the firing and sintering process. Two principal methods 
are used for lamination: isostatic lamination and uniaxial lamination. 
Uniaxial lamination is performed in a press that is equipped with heated plates. The part is 
often placed inside a metal fixture, which is usually the same one that is used in the collating step, 
and then placed in the laminator. The laminator applies heat and pressure to the fixture, 
transferring both to the ceramic tape layers. Fast and simple process operation is the most 
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important advantage of the uniaxial press, however establishing perfect parallel lamination plates 
is difficult. Non-parallel plate could create non-uniform pressure across the plates, which cause 
non-uniformity across the laminated ceramic layers. Changing pressure, temperature and time 
may vary the green density of the ceramic and as a result the final density and shrinkage of the 
fired ceramic may be changed. In contrast, isostatic lamination uses water as a pressure media to 
apply uniform pressure and heat to the ceramic layers.  
Because of the complex interaction of water and green ceramic, the stacked ceramic layers 
are vacuum bagged to prevent the introduction of water into the substrate prior to lamination. 
Metal plates may be used on either or both sides of the tape layers. At the bottom, a base plate is 
used to support the tape layers, while a cover plate on top may be used to distribute the pressure 
uniformly over the substrate. In this method, vacuum-bagged parts are often stacked inside the 
laminator on multiple shelves, and so many parts can be laminated in one lamination cycle with 
this approach at the same time. 
3.11 Firing and sintering condition 
Once the individual layers of green ceramic tape have been prepared and laminated 
together, the substrate must be fired to create the desired dense ceramic. This process can be 
performed as a batch process in a box furnace or in a continuous pusher kiln operation found in 
HTCC firing in a reduced atmosphere or belt furnace in air fired LTCC.. The advantages of 
utilizing a box furnace include improved control over the temperature uniformity and, in many 
cases, gas flow, as well as low price. Non-uniformity of temperature across the furnace during 
firing may cause the substrate to shrink in a nonuniform manner. In contrast, pusher kilns and 
belt furnaces offer much greater throughput because a continuous flow of substrates may be fired 
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in this type of operation. Even though the firing process employed in the belt furnace is 
fundamentally different than the box furnace, the heating profiles may be very similar.  
A common firing profile consists of heating and soaking in temperature below 450 C to 
burn-out the organic. During this portion of the profile, the substrate evolves a large quantity of 
gas that must be removed from the furnace and vented. After this step the substrate is very fragile 
due to removing of the polymeric binders that rendered the material flexibility. In the second 
portion of the process, the materials in the substrate react, or sinter, to form the solid ceramic 
block that is the desired result. During this process, the remaining powders pack more closely 
together, resulting in shrinkage of the substrate in most material systems. This shrinkage 
generally occurs in all directions and ranges from 10 to 20%, depending on the material and the 
direction.  
The key for most applications is controlling or predicting this shrinkage so that the parts 
end up with the desired physical dimensions. The rate of densification and shrinkage depends on 
the particle size of the ceramic, firing atmosphere, heating rate and final firing temperature, 
which are discussed in detail. Finally, the substrate is cooled to room temperature. The proper 
furnace profile is important to achieve the desired final substrate density, as well as the desired 
mechanical and electrical properties 
3.11.1 Heating rate 
Understanding the grain growth and densification mechanism is critical to establish robust 
sintering conditions. Ever since the pioneer theoretical models [111, 112] were established, the 
sintering processes have been intensively studied for more than half a century. Evaluation of the 
activation energy of sintering is the key component to achieve this goal, and understanding the 
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controlling mechanisms of the sintering process. Generally, two different types of methods are 
used for the evaluation of the activation energy:  
• Isothermal methods, e.g. the  rate controlled sintering (RCS) method 
• Non-isothermal methods, e.g. the  constant heating-rate method [113]  
Even though, Young and Cutler [113] were the first who used the non isothermal method to 
calculate the activation energy, they concluded that this method could not be used to identify the 
mechanism of diffusion because of the wide variation of the evaluated activation energies. They 
pointed out that the particle size distribution might be the factor for the variation in evaluating 
the activation energy. In addition to that, different heating rate can change the sintering 
mechanism [114] as will be discussed later. Wang and Raj [115] developed a method for the 
evaluation of the activation energy based on an Arrhenius plot of ln( T) (where is the 
densification rate, T the absolute temperature) versus the reciprocal of the absolute temperature 
at constant heating rates. The method that they developed was very easy and fast for calculation 
purposes. 
                                                                                (36)  
where 
 
(= dT/dt) is the heating rate, R the gas constant, f(ρ) a function of density only, A the 
material parameter which was insensitive to d, T, or ρ, d the particle size, n the particle size 
power law ( n = 3, if the densification rate was controlled by lattice diffusion, and n = 4 for grain 
boundary diffusion). 
The isothermal and non-isothermal densification behavior, and their corresponding 
calculated Arrhenius plot of α-Al2O3 classified powder with the average particle size of 0.24 μm 
from the work of Wang and Raj [115] are shown in figure 3-4. Densification of alumina particle 
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is almost 100% in both system, but their calculated activation energy exhibit a large difference. 
The calculated energy for isothermal densification is 452 kJmol-1, while it is 739 kJmol-1 for the 
non-isothermal method. The first one is close to the grain boundary diffusion of the aluminum 
ion of alumina and the later is close to the lattice diffusion of the aluminum ion of alumina. 
  
  
a b 
Figure 3-4The isothermal densification behavior and the Arrhenius plot of ln( T) versus (1/T). a) Isothermal sintering. 
b) non-isothermal sintering 
 
According to the sintering theory, the activation energy of sintering should be consistent 
with the apparent diffusion coefﬁcient of the rate-limiting species of sintering. In sintering 
polycrystalline ceramics, it is common that both grain boundary (Db) and lattice (Dl) diffusion of 
the rate-limiting species can simultaneously contribute to densification. Because these two 
diffusivities have different temperature-dependence, the relative contribution of Dl and Db is 
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different at different temperatures. Thus, heating rate would have a significant influence on the 
non-isothermal kinetic processes due to the fact that it can change the relative contribution of Dl 
and Db from low to high temperatures [116]. 
Fang et al. [114] showed that, the evaluation of activation energy depends on the heating 
rates, which are used in equation 36. They showed the values of activation energy based on 
different heating rates could be calculated, i.e., 478 kJ mol
−1 
for 10 and 20 
◦
C min
−1
, 640 kJ mol
−1 
for 5, 10, and 20 
◦
C min
−1
, and 1080 kJ mol
−1 
for 3, 5, and 10 
◦
C min
−1
, respectively.  Shao et al. 
also showed that for the α-alumina particle with the particle size of 2.5 μm, the calculated 
activation energy is, 1148 kJ mol
−1 
for 2 and 5 
◦
C min
−1
, and 1164 kJ mol
−1 
for 0.5, 2, and 5 
◦
C 
min
−1
, respectively [117]. These values indicated that the higher value of the evaluated activation 
energy would be obtained when the Arrhenius plot involves low heating rates. For isothermal 
sintering, because the difference among the sintering temperatures is small, the inﬂuence of the 
relative contribution of Dl and Db to the densiﬁcation will also be small at the same density level, 
however for non isothermal densification, the  relative contribution of Dl and Db to densiﬁcation 
is different at the same density level for the high and low heating rates.  
It is accepted that the grain boundary diffusion (GBD) or volume diffusion (VD) are two 
prominent mechanisms for densification in porous ceramic compacts. It is noted that the 
dominant path for diffusion is usually along the grain boundary. Classical grain-boundary 
diffusion mechanism assumes that grain boundaries act as perfect sources and sinks for the 
diffusing atoms during the diffusion process and the energy provided is all available to drive the 
diffusional flux along the grain boundaries. The low GBD activation energy (compared with VD) 
is because the grain boundary is more active and it serves as a tunnel for diffusion.  
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During densification, the displacements of alumina and oxygen vacancies are both of great 
importance. In that case, it is thought that the role devoted to Schottky disorders (equilibrium 
constant is using the Kröger–Vink formalism) is critical. El-Aiat [118] has 
also shown that the Schottky disorder energy of formation in alumina is roughly 630 kJmol-1 [31].  
It has also been shown that the activation energy for the grain boundary diffusion of Al3+ in 
alumina is 420 kJmol-1 [33]. In this way, Bernard-Granger et al. [119] proposed that 
densification is controlled by the formation of Schottky disorders and by the diffusion of the 
atoms associated to the Schottky disorders, the grain boundary diffusion of the Al3+ cations being 
the limiting step. The total apparent activation of such a mechanism is 1,050 kJmol-1 (630 + 420 
kJmol-1), which is close to their calculated activation energy 1,095 kJmol-1 for heating rate of 1.6 
◦
C min
−1
. However based on this formulation, the densification through volume diffusion has an 
activation energy around 1300 kJmol-1, which could only be achieved through very low heating 
rate. 
3.11.2 Particle size and particle size distribution 
Particle size and particle size distribution are one of the critical parameters that could 
control the sintering mechanism and control the sintering kinetic. Yeh and Sacks [120] used 
powders with known particle size but two different distribution and showed thatboth powders 
gave comparable end density and resultant grain size on further sintering. However, the powder 
with broader distribution gave a higher green density and improved densification behavior during 
the initial stage of sintering, but its densification rate decreased faster on continued sintering. 
They therefore concluded that there is no advantage in using the powders with narrow size 
distributions for it has a lower starting green density, hence a larger overall shrinkage. In general, 
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a broader particle size distribution is expected to lead to a higher green density due to the gap 
filling ability of the fine particles. A broader particle size distribution also promotes grain growth, 
which in turn would modify the evolution of pores, hence the densification behavior of the 
compact. On the other hand, too broad a particle size distribution may cause the sintering 
characteristics of the compact to deteriorate due to the low-sintering characteristic of the much 
coarser particles. Ma and Lim [121] showed that the optimum particle size distribution may vary 
depending on the consolidation technique and conditions used. They suggested that narrow size 
distribution powder is preferred to monosized or broad size distribution powders for improved 
sinterability and high-reliability microstructure control of powder compacts. 
Comparing the ‘‘relative grain size/relative density’’ trajectory, called the ‘‘sintering 
path’’, of particle with different particle size is shown in figure 3-5, Lim et al. [122] showed that 
grain growth is necessary for further densification at the final stage of sintering. Densification 
and growth increase by decreasing particle size. Difference in the densification behavior of the 
particle with different particle size could be due to their sintering mechanism. He and Ma [123] 
compared two particles with the particle size of 7µm and 0.9µm and showed that grain boundary 
diffusion is the rate controlling step and the appropriate mechanism for large particle. For 
smaller particles, grain boundary diffusion is the fastest process due to the shorter transport path 
and hence the interface reaction becomes the controlling mechanism. On the other hand, Lim et 
al. [122] showed that for α-Al2O3 with the average particle size of 0.18 μm, the grain boundary 
diffusion is the more appropriate mechanism than the lattice boundary diffusion. Shao et al. 
[117] calculated the densification activation energy for the powders with two particle size using 
the master sintering curve technique. They showed that the powder with particle size distribution 
of 2 -3 and 0.2 - 0.5 has the activation energy of 1148 kJmol-1 and 1035 kJmol-1 respectively. 
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They also suggest different densification mechanism for different particle, however the exact 
detail was not described. 
 
Figure 3-5 Variation of the relative grain size to the relative density of the particles “Sintering path” of alumina particle 
with different particle size. Experimental data are from Refs. [115, 119, 123, 124] 
 
One of the ways to decrease the grain size and reduce the sintering temperature is 
mechanical milling [124]. High energy mechanical milling has been used to produce nanometer 
sized particles in many materials including alumina [125]. However for an extremely hard 
material like alumina, milling media can create the contamination. Forrester et al. [126] used 
ball-to-powder ratio of 3:1 and increased the milling time to decrease the contamination. They 
showed that the alumina crystallite size has reduced to approximately 29 nm after 64 hours of 
milling, and in that case some sintering occurs as low as 400 ºC.  
3.11.3 Sintering atmosphere 
 
Sintering atmosphere has two major important effects on the sintering process. Changes 
of atmosphere may change the densification rate or the limiting final density. For oxides, the 
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dependence of sintering rate on atmosphere is presumed to be due to a change in the number of 
vacancies with changing oxygen pressure in the atmosphere, and the number of vacancies could 
control the diffusion rate. It is assumed that lattice diffusion (Dl) takes place by the reverse flux 
of lattice vacancies (Dv). Onsager showed Dvn = DlN, in which n is the number of vacant lattice 
sites per unit volume and N is the number of lattice sites per unit volume. The direct effect of 
atmosphere on the number of one kind of vacancies also affects the number of the other species 
because of the equilibrium between the Schottky vacancy pairs. For diffusion sintering an 
increase in the number of lattice vacancies of the slower diffusing species increases the lattice 
diffusion coefficient of that species and therefore the sintering rate. 
However, during the shrinkage process, the open pore channels are pinched off at the 
specimen surface first (because of faster sintering on the pores) and the trapped gas can no longer 
escape to the atmosphere. Vines et al. [127] demonstrated that in the final step of processing 
porcelain glass-ceramics, gas diffusion controls the shrinkage rate, indicating that in the lowest 
gas diffusivity, pores shrinks to their stable sizes. Increasing the diffusivity of the gas increases 
the shrinkage of the pores and shrinkage rate starts to be controlled by the kinetic of the gas 
diffusion to the surface. At quite high diffusivity of the gas, the final shrinkage is physically 
independent of the gas. 
Coble [128] studied the sintering of alumina with 0.25% (wt) MgO in different 
atmospheres. He showed that, among all the gases that he used, hydrogen and helium 
presumably could diffuse interstitially. The difference in sintering behavior between them is 
attributed to the differences in their solubility in alumina. Hydrogen can react with alumina, so it 
is assumed that its solubility is greater than the noble gases. In addition to that, hydrogen could 
reduce the spinel phase content formed by the reaction of the MgO, and increased magnesia 
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distillation in a hydrogen atmosphere. Coble showed that the sintering of alumina in hydrogen 
could get to the density of almost 100%.  
   
(a) (b) (c) 
   
(d) (f) (g) 
Figure 3-6 Sintering behavior of alumina in different atmosphere.  a) Hydrogen, b) Helium, c) Oxygen, d) Nitrogen, f) 
Argon, g) 7% Nitrogen+93% Oxygen 
Comparison of oxygen, air, nitrogen and argon showed that, alumina samples fired in 
oxygen with 7% nitrogen atmosphere sinter to its theoretical density. Sintering in air showed that 
there are many pores (black areas) remaining on which the grain boundaries tend to be pinned, 
and these pores limited the density of the sample to 97%. The rate of sintering was slower in air 
because of an effect on the stoichiometry, the excess oxygen or nitrogen, or both, diffused more 
slowly in the alumina lattice or in the grain boundaries than did the stoichiometric lattice species. 
Oxygen may enter the solution by changing the stoichiometry as the gas pressure in the pores 
increases. The magnitude of such change is not known for the intrinsic behavior in alumina. 
Argon and nitrogen are too large to enter interstitial positions and are expected to displace 
oxygen ions in order to enter solution. Diffusion of these solutes then depends on the diffusion of 
the neighboring oxygen ions, and they should therefore exhibit kinetics equivalent to oxygen. A 
difference between excess oxygen and nitrogen or argon in solution is that the excess oxygen 
diffuses (at least) as rapidly as oxygen vacancies. The actual equilibration of the excess oxygen 
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may be even faster since it is not confined to diffusion of oxygen lattice sites or vacancies at all 
but could occur by the diffusion of aluminum vacancies from the outer surface of the specimen 
to the pores. Thus, for oxygen, equilibration can occur by diffusion of the faster moving species, 
whereas for argon or nitrogen, movement is probably limited by oxygen diffusion.  
In contrast to the sintering theory of oxides, information available about the detailed 
sintering kinetics of metals are incomplete. Hassan [129] studied the sintering and densification 
of the platinum black in oxygen, hydrogen and nitrogen atmosphere up to 600 °C. Densification 
of the metal in catalysts corresponds directly to its loss of catalytic activity. He showed that that 
the rate of sintering of platinum differs widely in various atmospheres, as shown in figure 3-7.  
 
Figure 3-7 The change of catalytic activity of Pt-black catalyst and correspondingly it’s densification as a function of time 
of sintering a 300 C in (1) oxygen atmosphere, (2) nitrogen atmosphere, (3) vacuum and (4) hydrogen atmosphere [129]. 
The highest catalytic deactivation and densification was achieved in platinum and lowest 
happened in oxygen. The sintering goes much more easily in hydrogen rather than in other 
atmospheres due to the reduction of PtO2 layer [70] by hydrogen. Glassl et al. [130] showed that 
the platinum is densifed up to 45% of its original structure in hydrogen in 510 °K and decrease 
further up to 25% in 720o K. He also did the same experiments for oxygen and argon and 
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concluded that the rate of densification in oxygen is less than argon and in argon is less than in 
hydrogen. 
The activation energy of the sintering process was found by Hassan [129] to be 12.5, 14.6 
and 52.3 kJmol-1 in hydrogen, oxygen and nitrogen atmospheres respectively as obtained from 
the surface measurements, assuming the Arrhenius equation is valid. Higher sintering activation 
energy for nitrogen suggests a different mechanism than in oxygen and in hydrogen. Nitrogen 
might combine with the chemisorbed oxygen on the surface to form NO2(g) that is stable up to 
2000 °K. The heat of formation of NO2(g) is approximately 32.4 kJmol-1 and if the desorption of 
NO, on the surface becomes the rate determining step, this minimum value should be supplied as 
an energy of activation. This could be the interpretation of the high activation energy. From these 
results, it is expected that the activation energy of sintering of platinum in argon is somewhere 
between hydrogen and oxygen 
Gland et al. [70] showed three distinct types of interactions of oxygen with platinum 
surface. In general, molecular oxygen predominates following adsorption below 120 °K.  
Analysis of thermal desorption of atomic oxygen in the literature indicate a heat of adsorption of 
about 37 kJmol-1. Heating adsorbed molecular oxygen layer above 170 °K results in the 
formation of adsorbed atomic oxygen. This atomic adsorption predominates between 170 and 
about 700 °K. Platinum surfaces can be oxidized by high temperature oxygen treatments in the 
temperature range of 800 to 1100 °K.  In this high temperature oxide, oxygen has moved below 
the platinum surface, thus the oxide is non-reactive below 1100 °K, compared to adsorbed 
oxygen atoms.  
Reaction of hydrogen with platinum in different temperatures could reduce each of these 
oxygen layers and enhance the densification. Above temperature of 1100 °K, the oxide films are 
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no longer stable any longer and the metal surface remains clean because of the high dissociation 
pressure of the oxides. At the temperatures that high, however, volatile oxides are formed. Even 
if the evaporation rate of the oxides is relatively low, the metal losses in oxygen-containing 
atmospheres can be much higher than those obtained when the pure metals are heated in high 
vacuum or in inert atmospheres [131-133].  This suggests that the shrinkage of the platinum in 
air or in oxygen atmosphere at high temperature is more sever than hydrogen. 
3.12 Design consideration 
The intrinsic multilayer approach of cofired ceramic offers many advantages to designers. 
However some consideration also should be put in place to develop a proper product. Shrinkage 
of the cofired ceramic due to the sintering process is occasionally cited as a problem with this 
technology. The key is to understand and control the process and the material variables that lead 
to uncertainty in the shrinkage [97]. Mismatched sintering kinetics between the metal and the 
ceramic can lead to significant undesirable defects like delamination, cracks,  camber or warpage 
in the product, which substantially lowers production yield[134]. The mismatched sintering 
kinetics of the two materials lead to the development of in-plane stresses in the two constituents 
of the composite structure as one material being constrained from sintering by the other. The 
resulting defects during the co-firing process could be explained by the development of these 
stresses.  
Difference in thermal expansion, densification rate mismatch, or combinations of them 
between the layers could be assumed to be the stress generator. Thermal expansion mismatch is 
more likely to produce defects in the layer with a larger thermal expansion coefficient during 
cooling since this layer will be subject to tensile stress. Cofired defects are more frequently 
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generated in the layer, which densifies more rapidly, resulting in a biaxial tension during 
sintering. A crack with a large opening and a blunt cavity-like appearance is generally believed 
to be caused by the densification rate misfit, but a crack with a small opening or displacement 
may be the result of thermal expansion mismatch and brittle in nature [135]. 
 
Figure 3-8 Photos of camber development for the Ag/LTCC (A) room temperature, (B) 750 °C, (C) 850 °C [136] 
To minimize the possibility of forming the cofiring defects, a more thorough 
understanding of the process resulting in the above defects is needed before the processing 
parameters and material compositions can be optimized. Typical solutions for minimizing 
camber have often relied upon engineering approaches, such as weighting, varying material 
compositions, and varying the co-firing temperature-time profiles. For example, balancing 
printed metal and via densities throughout a design can significantly reduce the potential for 
camber or a lack of uniformity in the shrinkage because the metal density affects the shrinkage of 
many of the material systems.  
However, more basic understanding of the processes that result in camber could be useful 
to predict and prevent such defects. Lu et al. [134] first proposed a model based on viscous 
constitutive relations for porous sintering bodies to model the developed stress during the 
sintering process. Jean and Chang [135-138] in a series of publication studied the chamber 
development in the LTCC with different conductive ink, and model it on the basis of elastic and 
viscous constitutive relations analogous to the thermal stress problems arisen from the difference 
in thermal expansion coefficient in a thin plate. They showed that the ink has a lower onset 
 60 
densification temperature, but a faster densification rate and a greater total shrinkage, compared 
to the ceramic tape. This different densification indicates different sintering mechanisms. They 
suggested that grain boundary diffusion and viscous flow of glass are the sintering mechanisms 
for ink and tape respectively. Their results suggested that viscous constitutive model has a good 
agreement with experimental observations [135, 136].  
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4 Experimental Procedures 
4.1 Materials 
4.1.1 Metal powder 
Seven different platinum powders were used in this study. Five powders used to make ink 
and produce the final feedthrough assembly and the other two were used for high temperature 
behavior study.  Platinum powders, primarily from Heraeus Thick Film Materials, 
Conshohocken, PA and Alfa Asar were used. The complete list of their properties and 
specification are shown in table 4-1. The Pt-3 particle was provided form the Heraeus Co. in ink 
form, so the exact properties of the particle are not able to be fully characterized. 
Tungsten, iridium and rhodium were used as additives to the platinum ink. Two tungsten 
particles with different particle size provided to study the effect of particle size on the sintering 
behavior. All metal particles were purchased from Alfa Asar Co. 
4.1.2 Oxides and glass particles 
Aluminum oxide (Al2O3), yttrium oxide (Y2O3) and tungsten oxide (WO3) were used in 
this project as the shrinkage-controlling agent in the conductive ink. Nagai et al. [139] showed 
that oxide with O(1s) binding energy less than 530 ev could react with platinum and inhibit its 
sintering. In this way Al2O3 is non reactive, Y2O3 is reactive and WO3 is in the middle. Alumina 
is commonly use additive for conductive ink to control the shrinkage, because of its low thermal 
expansion and its compatibility with the substrate. Yttrium oxide was chosen to inhibit the 
sintering of platinum. Powel [140] showed that yttrium oxide can react with the platinum and 
decrease the  densification rate. Tungsten oxide could decompose to tungsten and oxygen at high 
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temperature and the resulting tungsten particle could prevent the sintering of platinum at high 
temperature. Oxides are typically used with a 20% volume concentration in the ink formulation. 
In addition to oxides, kaolinite clay and talc, a common glass forming formulation, were 
also used in ink fabrication to increase the metal/ceramic interface adhesion and reduced the 
sintering temperature. The properties of all oxides particles are also shown in table 4-1. 
 
Table 4-1 The properties of the particles used in this project 
Code Chemical Compound Commercial name Provider 
Surface 
area (m2/g) 
Tap density 
(g/cm3) Particle size  
Pt-1 Platinum 12076 Platinum black Alfa Aesar 10 - - 
Pt-2 Platinum 12755 Platinum black Alfa Aesar 27 - - 
Pt-3 Platinum CL11-5100 Heraeus - - - 
Pt-4 Platinum Pt-PM100-10 Heraeus 10.0 – 18.0 0.6 – 1.8 - 
Pt-5 Platinum 44010 Alfa Aesar 1.5 - 3.5 2.5-6.0 90% ≤1.5 
μm 
Pt-6 Platinum Pt-PM100-3 Heraeus 0.5 – 3.0 2.0 – 3.5 3.0 -7.0 μm 
Pt-7 Platinum M579B Heraeus 0.8 – 2.0 3.0 – 4.0 0.9 – 1.9 
μm 
Ir Iridium 43783 Alfa Aesar 30 - 40 - - 
Rh Rhodium 12353 Alfa Aesar - - - 
W-1 Tungsten 10400 Alfa Aesar - - 1-5 μm 
W-2 Tungsten 44210 Alfa Aesar - - <1 μm 
n-Al2O3 Al2O3 MKN-Al2O3-A040 mnNANO - - 40 nm 
Y2O3 Y2O3 Yttrium (III) oxide Sigma-Aldrich 5.01 - - 
WO3 WO3 WO3 Nanopowder Sigma-Aldrich 7.5 - <100 nm 
 
4.1.3 Ceramic tape 
Two different HTCC ceramic tapes were used to develop the final feedthrough assembly. 
The standard 96% alumina tape from Maryland tape casting Co. and 92% HTCC tape from 
Adtech Co., were primarily used for the project.  
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4.1.4 Polymeric binder 
The thick film via binder formulation was provided from Heraeus Co.. The binder is a 
proprietary an acrylic polymer with additives to enhance the wettability and rheology of the via 
filling ink. The binder components were weighted and mixed in the closed container. The 
container was heated to 80 °C for 10 min to decrease the binder viscosity for better mixing and 
then rolled for 20 min to achieve the desired level of homogeneity.  
4.2 Platinum/alumina sample preparation 
4.2.1 Powdered sample 
A ¼” die pressed with 300 Psi pressure was used to palletize the platinum and tungsten 
powders. However high pressure in the metal powder makes them to act like the bulk material 
and less like powder. Therefore, ⅛” palate die with lower pressure were use for metal powders 
for the rest of the experiments.. 
Pt-4 and nano alumina particles were used to study the metal/ceramic intermetallic 
reaction. The different ratios of Pt/Alumina were prepared based on the known intermetallic 
compounds of the Pt/Al phase diagram. The compounds were then ball milled for an hour to 
reach an acceptable mixing. Additional mixing was prevented to minimize the degree of 
contamination of milling media into the samples. The mixed sample were then palletize with the 
same way metal powders were fabricated. 
 
 
 
 64 
4.2.2 Platinum thin and thick film 
Two series of platinum film with the thickness of 50 and 200 nm were deposited on the 
two different alumina substrate at EIC Laboratories Co. The standard CoorsTek Thin-Film 
Superstrate 99.6 Alumina Substrates and single crystal sapphire were used to study the behavior 
of platinum thin film on alumina in high temperature. A Pt-4 thick film with 10 μm thickness 
was applied on the same substrates to study the effect of thick films at high temperatures. 
4.3 Feedthrough development 
4.3.1 Ink development 
Inorganic powders and organic binders were weighted and are hand mixed on the glass 
plate until thoroughly wet slurry is obtained. The prepared slurry was then mixed for 5 minutes 
on a Hoover Color Muller parallel plate mixer to achieve the best dispersion. 
4.3.2 Feedthrough assembly 
The conventional multilayer ceramic production process, as described completely in 
chapter 3, was used to develop the final feedthrough assembly. HTCC ceramic alumina tape first 
laser cut to the 160 by 160 mm sheet. The ceramic tape was then punched with a Keko PAM 
mechanical punch machine. 100, 150 and 250μm size diameter punchs were used for production 
of different samples.  Punched vias were filled with conductive ink by the means of a PTC-1000 
vacuum assisted bladder filler. Clapping time, injection time and injection pressure are 
controlling parameter in the filling process. Different injection time and pressure were examined 
during the project to achieve the optimum filling condition. The optimum filling condition, 10 
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sec clamping time, 20 sec injection time and 15 psi injection pressure was used to fill the via in 
the entire project. A stereomicroscope with 30X magnification was used to check the alignment 
of the mask and ceramic tape in the filling process. The image of punched tape and tape filled 
with conductive ink are shown in figure 4-1.  
  
Punched tape Tape filled with ink 
Figure 4-1 Punched and filled tape 
Filled tapes were cut to the 1” square shaped and a pin-alignment fixture was used to 
manually collate the sample. It was then isostatically laminated in the PTC isostatic lamination 
machine under 3000 psi and 70 °C. The sample was then cut to size with an OZO CNC milling 
machine and fired up to the temperatures range of 1050-1550 °C in different atmosphere and 
with different heating rate. The picture of complete feedthrough assembly is shown in figure 4-2. 
A Lindberg 1700 muffle furnace and GSL-1600 X tube furnace were used for firing in air 
and the G-1600 hydrogen furnace from Camco Furnace Co. was used to fire the sample in 
reduced atmosphere. Different mixtures of H2/Ar were used to study the effect of hydrogen 
concentration on the final product. The furnace was equipped with the water bubbler to provide 
the wet hydrogen (variable partial pressure of oxygen) atmosphere to provide oxygen for the 
burn-out of the organic. A small self-fabricated hydrogen furnace with tungsten wire heater also 
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used for some experiments, as shown in figure 4-3. All furnaces are equipped with the digital 
thermo-controller to program the firing conditions. 
 
 
Figure 4-2 Complete feedthrough assembly 
 
  
Figure 4-3 The structure of the small self-fabricated hydrogen furnace 
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4.4 Characterization techniques 
4.4.1 Electron microscopy 
A JEOL JSM-6330F field emission scanning electron microscope (FE-SEM) with a 
magnification range of 150 KX operating at 15 KV and a JEOL 7000F hot filament field 
emission scanning electron microscope, with a magnification rage to 300KX,were used for the 
characterization of powders, sintered pellets, thin films and final feedthrough assembly. The low 
magnification (20 KX) backscatter electron PHENOM tabletop SEM was used to take a 
backscatter SEM image of the samples. The Tabletop SEM is a low voltage and high pressure 
SEM from FEI. This SEM uses a CeB6 source, permanent magnets for electron focusing, and 
backscatter detectors arranged in four quadrants. This microscope is operated with a 5 KV 
acceleration voltage and a chamber pressure of ~0.3 x 10-3 mbar. A dedicated quadrant 
backscattered detector is used for imaging. The PHENOM Desktop SEM shows advantages for 
imaging non-conductive samples in the low magnification range, which provides a sharp image 
with high depth of focus, large view area, and less damage of the sample. 
Non-conductive samples were sputter coated with gold before observing in SEM. Cross 
section samples were cut with a slow speed diamond saw with diamond blade, mounted on a 
tripod sample holder, and metallographically grinded and polished for microstructural 
characterization. A tripod polisher was utilized to insure accurate polishing of the sample in the 
desired x,y and z direction.  
4.4.2 X-ray diffraction measurement 
Powder X-ray diffraction data was obtained with a Siemens x-ray system consisting of a 
direct drive rotating anode as the x-ray generator (18 kW). MoKa radiation (tube voltage 50 kV, 
tube current 24 mA, cathode gun 0.131 mm) monochromated using an incident beam graphite 
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monochromator was passed through a collimator of diameter 200 μm to the sample with the 
wavelength of 0.71073 nm. The diffracted x-ray was collected on a 512×512 pixels imaging 
plate area. Data were acquired for 2θ range of 5 and 40°. Settings of the detector were carefully 
calibrated using the CeO2. Due to small size of the samples, the time of data collection was 30 
minutes, about 50% longer than a standard sample.  
4.4.3 High temperature in-situ X-ray diffraction measurement 
In an attempt to better understanding the reaction between platinum and alumina, high 
temperature Pt/Al2O3 reactions were studied using in-situ X-ray diffraction. The sample was 
resistively heated in a specially designed high temperature cell, as shown in figure 4-4. The 
description of the high temperature cell can be found elsewhere [141]. The sample was loaded 
and heated in a 0.15mm hole which was drilled though the 1mm thick graphite heating element. 
The temperature of the sample was measured using a d-type thermocouple and by measuring the 
thermal expansion of platinum [142] by in-situ x-ray diffraction from (111), (200), and (220) 
lattice planes. Interstitial dissolution of carbon in platinum can increase the lattice parameter of 
platinum and potentially produce systematic error in temperature measurements. However, the 
lattice parameters of the quenched platinum samples were measured to be the same as in the 
starting material, indicating that the diffusion of carbon didnot affect the accuracy of the 
temperature measurement. X-ray diffraction measurements in the temperatures range between 
room temperature and 1750 °K were conducted on the beam line B-2 (λ = 0.485946Ǻ) of the 
Cornell High Energy Synchrotron Source (CHESS). Diffracted x-rays were collected between 
Bragg angles of 2θ=5o and 2θ=25o using a MAR3450 imaging detector. Sample to detector 
distance and other diffraction geometry parameters were calibrated using a CeO2 standard. 2D 
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angle-dispersive diffraction images were processed using the software FIT2D to generate the 
intensity versus two-theta diffraction patterns. Each diffraction peak was indexed and fitted with 
a pseudo-Voigt function to determine its d-spacing.  
 
Figure 4-4 High temperature X-ray setup 
X-ray beam (100µm FWHM) was centered onto the point of interface of sample and 
carbon, and alternatively, onto a region of the pure sample. Diffraction patterns were collected 
from the platinum-carbon interface and from pure platinum at several temperatures up 1700 °K 
After heating, the samples were quenched by shutting off the power to the heating element and 
several diffraction patterns were collected from the samples at room temperature. There is no 
evidence of formation of any new phase or anomalous melting point in pure platinum sample 
4.4.4 Hermeticty measurement 
The present technique uses a Model 979 Series Helium Mass Spectrometer Leak Detector 
manufactured by Varian. A mass spectrometer tuned to helium electrical signals that are 
proportional to the helium concentration.. The helium system includes a vacuum pump to pull a 
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vacuum on the sample and can detect helium detection to 1 X 10 -7atm-cc-sec He. A stand-alone 
controlled leak calibration standard, coupled with a calibrated internal standard to the machine, 
provided a high precision measurement of the leak rate. An O-ring leak testing fixture was 
manufactured with the required size of the feedthrough assembly to check hermeticity of the 
sample. 
4.4.5 Densification behavior 
 Shrinkage of the metal powders, alumina powder and 96% HTCC tape were measured by 
the horizontal optical dilatometer Misura® ODLT.  Optical dilatometers use a beam of light to 
measure the dimensional changes and therefore the sample is not in contact with the measuring 
system. A laser beam is split into two beams, which are reflected by the top of the sample and 
focused on the top of the sample and at a high magnification image recorded on a CCD camera. 
Using blue light with a wavelength of 478 nm and magnifying up to 0.5 micron per pixel, the 
image will shift 1.000 pixel. A 5 mm packed powder sample placed vertically in the furnace can 
be measured the expansion or contraction with a resolution of one part over 100.000.  
4.4.6 Thermal analyses 
TA Instruments, TA Q600 SDT instrument (simultaneous thermogravime and differential 
scanning calorimetry) was used to measure the calorimetric and weight lost behavior of the 
samples at high temperatures in air atmosphere. Alumina cups were used to heat the samples up 
to high temperature. Prior to the heating process in each run, the weight of two sample cups were 
calibrated to calculate the exact weight change of the sample. 
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5 Characterization of the powder materials 
 
5.1 Platinum particles 
5.1.1 Microstructure of platinum particles 
The high magnification picture of different platinum particle used in this study, are 
shown in figure 5-1.  
 
  
Pt-1 Pt-2 
  
Pt-3 Pt-4 
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Pt-5 Pt-6 
 
 
Pt-7  
Figure 5-1 SEM image of different platinum particles used in this project 
 
The Pt-1 and Pt-2 are both agglomerated nano particles. The Pt-1 has the lower surface 
area due to the formation of larger agglomerated particle, as shown in figure 5-2. Because the Pt-
3 particles originally came from the ready to used ink, a large glass particle shown in figure 5-1.  
Even though the Pt-4 has a larger particle size and lower surface area in comparison to 
Pt-2, as observed from figure 5-1, it has a lot of void space, which increases the chance of 
shrinkage. Pt-6 and Pt-4 are originally from the same kind of platinum particle family. Their 
difference is in the degree of the pre-sintering process. Pt-4 is the high surface area spray dried 
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agglomerate of platinum black metal sintered into a particle.  Pt-6 is pre-sintered more that Pt-4, 
so it has larger particle size and lower surface area, which decreases the chance of shrinkage. Pt-
5 and Pt-7 both looks like spherical particles. The Pt-5 demonstrates a narrower particle 
distribution than Pt-7. 
 
Figure 5-2 High magnification images of agglomerated Pt-1 nano particles 
 
5.1.2 High temperature behavior of platinum particles 
The high temperatures calorimetric and weight change behavior of different platinum 
particles are shown in figures 5-3 and 5-4. Powders shown in figure 5-3 are compressed up to 
300 PSI and figure 5-4 demonstrates loose powders. It is clear that all powders have the initial 
weight lost at around 400 °C, which is attributed to the decomposition of first platinum oxide and 
desorption of molecular oxygen. Another weight loss happens at temperature around 1150 °C. 
This behavior of platinum could be attributed to the decomposition of platinum dioxide and 
desorption of oxygen from the bulk of platinum. This oxygen layer is adsorbed on the layer of 
platinum below the surface and it is almost inert in temperature below 800 °C [70]. The results 
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of DSC experiments are consistent with the exothermic reaction of decomposition that occurred 
around 1000 – 1200 °C.  However, the compressed powders in figure 5-3 do not show much 
weight change. Pt-2, which has the highest surface area, shows significant sign of weight lost at 
high temperature. Pt-4 has the highest porosity; therefore the loose powder lost more weight at 
high temperature compared to the compressed powder. The calorimetric results also are 
consistent with these results. The heat generated by compressed particles in figure 5-3 is much 
less than loose powder and all of them almost show the same pattern 
In general, the extent of the exothermic reaction at 1150 °C depends on the surface area 
and accessibility of oxygen to the platinum particles. Pt-6 has the lowest surface area and 
accordingly the lowest exothermic heat generation. Pt-2 and Pt-4 have the highest heat 
generation. Pt-2 has the highest surface area, and Pt-4 has the most porosity that enhances the 
oxygen escape route.  
 
Figure 5-3 DCS and TGA results of compressed power 
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Figure 5-4 DSC and TGA results of loose powder 
 
5.2 Iridium microstructure and oxidation behavior  
The microstructure of the Ir powder is shown in figure 5-5. Iridium powder has a high 
surface area and particles’ diameter are about 100 nm.  
  
Figure 5-5 SEM image of iridium powder 
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Iridium has been used as the adhesion promoter to increase the bonding strength between 
platinum and alumina. Iridium forms a stable oxide in temperature lower than 1000 °C and 
therefore the oxide bonding increases the bonding strength to alumina. Oxidation behavior of the 
iridium powder in high temperature has been studied by calorimetry and weight loss 
measurement. The iridium powder sample was heated up to 1200 °C at the rate of 10 °C/min and 
was kept on that temperature for an hour. The sample then was cooled down at the same rate. To 
study the behavior of the sample in several heat treatments, the heating profile was repeated 3 
times on the same sample. The results of the DSS and TGA experiments are shown in figure 5-6. 
  
(a) (b) 
Figure 5-6 DSC and TGA results of iridium powder oxidation. (a) TGA curves, (b) DSC curves 
 
The behavior of the iridium powder is different from the bulk metal. In every run, about 
80% of the original weight of powder evaporates. Wimber et al. [143] showed that above 
1100 °C iridium oxide decomposes to pure iridium and volatile iridium oxide. Keeping iridium 
at high temperature in oxygen produces a high amount volatile iridium oxide, which reduces the 
weight of the powder up to 80% in each run. In each run, iridium evaporates from the surface of 
the powder makes the surface more active, as indicated by the absorbed heat in the third run. 
Sintering and densification behavior of metal particles  
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The densification behavior of different platinum particles at 1550 °C are shown in figure 5-
7. As was expected, Pt-4 has the highest amount densification due to large porosity, and Pt-5 and 
Pt-7 with large spherical particles and low surface area showed the lowest amount of shrinkage 
and densification. 
 
Figure 5-7 Densification behavior of different platinum particles in 1550 °C 
 
The densification rate (Shrinkage) and its derivative (der. Shrinkage) of two different 
platinum particles, iridium black and the combination of platinum and iridium are shown in 
figure 5-8. Derivative of densification rate helps to determine the critical points in the 
densification behavior.  As depicted in figure 5-8, platinum powders densifies at lower 
temperature than iridium. The maximum densification rate for Pt-3 and Pt-6 happened at 625 °C 
and 770 °C respectively, while iridium occurred at 1085 °C. The Pt-3 reached its maximum 
shrinkage around 950 °C and after that its density increased. This increase could be due to the 
thermal expansion of platinum as well as the formation of platinum oxide. Platinum oxide would 
evaporate at temperature above 1000 °C and could create a porous structure in platinum sample. 
This porous structure could expand and decrease the density as it can be seen in the figure 5-8. 
Iridium almost keeps it structure and shrinks once only in 1070 °C. When Ir is mixed with the Pt-
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6 particle, the densification profile follows almost the same pattern as pure iridium. Even though 
iridium represents 20% of the composition, its solid structure inhibits the densification and the 
sintering of platinum. At 1500 °C, Ir , Pt-Ir and Pt-6 shrinks by 78, 68 and 61 % respectively.  
 
Figure 5-8 Shrinkage rate of Platinum and iridium particles 
 
The high temperature calorimetric experiments and the weight loss measurements of Pt-6, 
iridium and rhodium powders are shown in figure 5-9. The platinum powder looses weight only 
about 5%, while iridium first oxidizes and gains weight but after 1000 °C the iridium oxide starts 
to sublimate. The total weight loss of iridium at 1400 °C is about 40%.  Comparison of the 
densification and the weight loss behavior of iridium showed almost the same pattern. It could be 
concluded that the iridium powder does not densify and the change in the density could be 
corresponded to its weight loss. The rhodium behavior is slightly different from iridium. The 
rhodium powder starts to oxidize around 500 °C and it is stable up to 1100 °C.  However 
rhodium oxide starts to evaporate after that temperature. As showed before in section 5-2, the 
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iridium powder has different properties from the bulk material. The same is also true for rhodium. 
Higher surface area of the powder increases the oxidation and consequently the evaporation 
process. In this way, at the end of the process the resultant structure may have a good 
metal/ceramic adhesion as well as porous metallization structure in the via.   
 
Figure 5-9 DSC and TGA results of high temperature behavior of platinum, iridium and rhodium particles 
 
Difference in the sintering behavior of the platinum powder and ceramic materials is 
shown in figure 5-10. The final shrinkage of nano alumina particle is almost the same as HTCC 
tape, however their sintering and densification behavior are different. Nano particle densifies 
smoothly after the temperature reaches 1100 ° C, but HTCC tape has two levels of densification. 
At the first step at 1100 °C glass particles start to melt and therefore tape starts to densify. At the 
1350 °C, densification increases suddenly. This behavior at 1350 °C is supposedly due to the 
liquid phase sintering of glass and alumina particles.  
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The shrinkage rate of metal and ceramic are significantly different. At 1500 °C, the 
platinum powder shrinks about 35%, while alumina’s shrinkage was only about 17%. The high 
difference in densification and sintering kinetics of platinum and alumina could create defects 
like cracks and camber in the final multilayer assembly.  
 
Figure 5-10 Shrinkage behavior of 96% HTCC tape, nano alumna and Pt-6 platinum powder 
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6 Feedthrough development in natural atmosphere 
 
6.1 Introduction 
As described earlier in the experimental section, punched ceramic tape was filled with 
platinum conductive ink, using bladder filling. The backscatter SEM image of the green ceramic 
feedthrough is shown in figure 6-1. It should be noted that all the samples presented in this 
project are prepared with Pt-4 platinum powder unless otherwise specified. 
  
Top Side 
  
Bottom Side 
Figure 6-1 Top and bottom side backscatter SEM image of green feedthrough sample 
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The bottom side of the sample looks completely dense and ink completely filled the via. 
However, at the topside, there is a hole or crack in the middle of the via. These kinds of defects 
can be due to capillary flow.  Usually, because of mechanical entanglement there is a good 
adhesion between ink and ceramic around the wall, but capillary force can push the ink through 
the via and generate a hole or crack in the middle of the filled via. The size of the hole depends 
on the capillary force, which seems minimal in this case. 
The image of the feedthrough sample after organic burn-out is shown in figure 6-2. The 
optical dilatometer experiment results in figure 5-8 showed that despite the size of platinum 
particle the densification of platinum starts after 500 °C. The dried sample shown in figure 6-2, 
does not have any kind of delamination or crack in the metal/ceramic interface. The comparison 
of the results of figures 6-1 and 6-2, indicates that the burn-out process does not have any critical 
effect on the sintering of platinum although carbon contamination due to incomplete or rapid 
burn-out processing might have some effect in higher temperatures. 
   
Top side Bottom Side 
Figure 6-2 Top and bottom side backscatter SEM image of the ceramic feedthrough after organic burn-out 
process in 450 °C 
A sample via from a complete feedthrough assembly from the top and cross sectional 
view is shown in figures 6-3 and 6-4. As it was expected from the difference in densification 
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behavior of metal and ceramic tape, a camber developed in the via and platinum delaminated 
from the ceramic wall. It is also clear from the figure 6-4 that platinum not only shrinks in x-y 
direction, but also in z direction. This make it difficult to have a continuous electrical conductor 
in the via. 
 
Figure 6-3 Backscatter SEM image of fired a via in ceramic feedthrough 
 
One of the most interesting aspects of the resultant via structure is the presence of 
ceramic materials around the platinum. A layer of ceramic also covered the platinum via through 
the whole length of the via as can be seen in figure 6-3 (c). As discussed in section 2.2.1.1, the 
metal/ceramic bonding can be physical or chemical in nature. Glass migration from the ceramic 
to the metal could create a strong physical bond while formation of a platinum-alumina complex 
could also create a metal/ceramic bond. Platinum aluminate (i.e. PtxAlyOz) structure, as reported 
by Hwang et. al. [12] and Luo et. al. [16], could be formed. In addition, the remaining carbon in 
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the system could also act as a reducing agent in the system. This carbon reduces alumina to form 
a platinum-aluminum compound.  In either the case of physical or chemical interaction, platinum 
tries to dissolve alumina. However, the interaction force is not enough, which makes the ceramic 
to tear apart in the interface area as it shown figure 6-4. 
   
(a) (b) (c) 
Figure 6-4 Backscatter SEM cross section image of platinum via 
 
As shown in figure 6-3, the platinum powder densifies completely. The grain size of the 
platinum after firing is about 10 μm. This structure of platinum is similar to the molten structure, 
which could be attributed to the small platinum particle size. It should be noted that the hole, 
which can be seen in the samples, attributed to the formation of volatile platinum oxide which is 
usually formed in temperatures above 650 °C [133] or the formation of the volatile carbon 
structure around 1000 °C.   
6.2 Platinum particle size 
As indicated in figure 5-7, different platinum powders have different densification 
behavior at high temperature. Because of that, conductive ink with different platinum powders 
were prepared and used to develop the feedthrough. The microstructures of the resultant 
feedthroughs are shown in figure 6-5. 
 85 
  
Pt-4 Pt-5 
  
Pt-6 Pt-7 
Figure 6-5 SEM image of platinum via with different platinum partcile size. Feedthroughs are fired in air at 
1550 °C 
 
Despite the difference in particle size and surface area of the different powders, platinum 
delaminated from the ceramic and all the samples showed camber development. Pt-5 and Pt-7 
have the least amount of shrinkage, which is in agreement with the results showed in 
densification behavior. Both Pt-5 and Pt-7 samples shrank and pulled back from the walls, yet 
the shrinkage is much less than the Pt-4 sample. The microstructure of the Pt-6 sample is 
completely different from the others. Platinum attached to the sidewalls completely, yet it has not 
densified. It seems that the adhesion energy between platinum and alumina is greater than the 
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platinum grains cohesion energy, since Pt-6 did not made a dense metal via structure.  The 
surrounding area of the Pt-4 powder is covered with the ceramic material, which indicates that 
among all particles, Pt-4 has the most amount of reaction with ceramic.  
6.3 Firing atmosphere 
6.3.1 Air and argon atmosphere 
As discussed in section 3.11.3, sintering atmosphere has an important effect on the 
densification and sintering of both metal and ceramic, even though it is more critical for metals.  
In addition to the densification behavior, replacing air with a neutral atmosphere, such as argon, 
could eliminate evaporation of platinum. The atmosphere condition is the most important factor 
to control the interface of platinum and alumina. Electron microscope images of the samples 
fired in the air and argon atmospheres, at heating rate of 5 °C/min, are showed in figure 6-6.  
  
Ar Air 
Figure 6-6 SEM image of feedthrough fired in air and argon atmosphere at 1550 C. 
 
Platinum densified in argon atmosphere more than air, as demonstrated in 
platinum/alumina supported catalyst system[130]. This behavior of platinum is attributed to the 
decomposition of platinum dioxide and to the desorption of oxygen from the bulk platinum. This 
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oxygen layer is adsorbed on the layer of platinum below the surface and it is almost inert in the 
temperature below 800 °C [70]. The results of DSC and TGA experiments of the feedthrough 
assembly in air and in argon are shown in figure 6-8. The calorimetric experiment followed the 
same firing profile as was used in the sintering of feedthroughs. There are two important points 
distinguished in figure 6-8. Even though the organic binder in the argon does not have the 
possibility to burn-out, it will evaporate from the sample in higher temperature so the final 
weight loss of the sample in both atmospheres is the same.  
 
Figure 6-7 High magnification microscopic image of feedthrough fired in the argon atmosphere 
 
The low oxygen partial pressure in argon increases the possibility of exothermic reaction 
of platinum oxide decomposition in argon atmosphere. The results in figure 6-8 showed that this 
reaction starts at 600 °C and reaches its maximum at 1074 °C in argon, almost 60 °C less than 
the temperature reaction in air, which is 1130 °C. The generated heat in argon and air 
atmospheres are 28.71 kJ/g and 13.28 kJ/g respectively. This difference in generated heat 
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possibly results in local super heating in the sample and an increase in the shrinkage of the 
platinum.  The lower temperature reaction in argon than air increases the speed of contraction 
and densification of platinum, so the metal has insufficient time to interaction with the ceramic. 
The sidewalls of the metal are very clean and exhibit no sign of reaction between the metal and 
ceramic in the argon atmosphere, as shown in figure 6-7.    
 
Figure 6-8 DSC and TGA results of firing feedthrough in air and argon atmosphere 
 
 
6.3.2 Vacuum atmosphere 
 
A feedthrough sample was fired in a vacuum atmosphere with the same firing profile 
used to fire the sample in air and argon. The results of the sample fired in the vacuum are shown 
in figure 6-9. 
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Figure 6-9 Backscatter SEM image of feedthrough fired in vacuum 
 
The densification behavior and metal/ceramic reaction in vacuum is not that much different 
than that in air and argon. The densification of the fired sample is very similar to the sample fired 
in air. However, the sidewalls of the platinum does not exhibit physical or chemical interaction 
between metal and ceramic, which is very similar to the sample fired in the argon atmosphere. 
This result is expected due to the low oxygen partial pressure of the vacuum.  
6.4 Heating rate 
As mentioned in section 3.11.1, the heating rate is important in the densification behavior 
and the final density. Because of the natural shrinkage difference between platinum and alumina, 
controlling the heating rate may decrease the chance of delamination and camber development. 
Figure 6-10 indicates the DSC and TGA results of a final feedthrough assembly heated up to 
1500 °C at two different heating rates.  
The final weight of the samples for 5 and 2 °C/min heating rate are 79.71% and 78.93% of 
the original weight respectively. This indicates that the weight loss of the sample is independent 
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of the heating rate, yet the heat generation is heat-rate dependent. The first burn-out process 
happens around 150 °C, which is attributed to the organic solvent component of the organic 
vehicle of the conductive ink. Carbon produced by organic burn-out process could react with 
platinum due to the catalytic nature of platinum particle [144, 145]. Increasing the heating rate 
from 2 °C /min to 5 °C /min, increase the heat of reaction from 1.05 kJ/g to 2.23 kJ/g, which 
could increase the chance of carbon/platinum interaction. Carbon can dissolve in platinum and 
create the solid solution, which reduces the melting point of platinum [146]. Additionally, this 
interaction could enhance the sintering of platinum particles and increase the shrinkage of 
platinum. As mentioned before, platinum oxide decomposes around 1000 °C. Increasing the 
heating rate increases the amount of required heat for the exothermic reaction of platinum oxide 
decomposition, possibly due to the introduction of carbon into platinum. Carbon-platinum 
mixture creates a solid solution system, which helps carbon stability up to 1000 °C. Above that 
temperature, carbon could evaporate in either forms of pure carbon or carbon dioxide. 
 
Figure 6-10 DSC and TGA results of firing feedthrough with different heating rate in air 
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One of the interesting points about the DSC curve is the second burn-out point at 400 °C, 
which is attributed to the binder phase of the organic vehicle in the ceramic tape. The heat 
generation of both heating rates is almost the same, which suggests the independency of ceramic 
tape from the heating rate. This result does not rule out any probability of the independency of 
ceramic burn-out cycle from heating rate, it simply suggests that at the heating rates of less than 
5 °C/min, the burn-out cycle for HTCC tape is independent of heating rate. 
Densification of the conductive ink in the via is a fairly straightforward process and is 
basically dependent on the sintering behavior of the metal powder. However, determination of 
the densification of the ceramic tape in the feedthrough assembly is complicated. Because of the 
presence of the vias (holes) in the ceramic tape, when the ceramic starts to densify, it contracts 
unto itself, resulting in an increase in the hole diameter.  On the other hand, decreasing the 
densification of the HTCC tape decreases the shrinkage of the via and leads to an increase in the 
final via diameter. So the via diameter is basically dependent on the contraction force of the 
ceramic which depends on densification behavior. In this way the heating rate could change the 
densification of the tape and ink, and at the end of the process decreases the chance of failure. 
SEM images of feedthrough assembly fired in four different heating rates are shown in figure 6-
11 and a summary of their densification results is also showed in table 6-1.  Each measurement 
in the table 6-1 is the average of the 5 – 10 vias in one sample.  
All of the four samples showed delamination of the metal from the ceramic and camber 
generation. Still, the heating rate around 5°C/min showed the minimum difference between 
platinum and alumina densification. In contrast to the HTCC tape, decreasing the heating 
decreases diameter of platinum via. Decreasing the heating rate increases the shrinkage of the 
alumina. The interaction of platinum and alumina can increase the adhesion force. Low heating 
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rate can create the sufficient time for diffusion of platinum to alumina and alumina to platinum 
and increases their physical adhesion.  
  
  
Figure 6-11 Backscatter SEM image of the platinum via fired in different heating rate. a) 0.2°C/min, b) 
1°C/min, c) 5°C/min and d) 20°C/min. 
 
It could be concluded that a slow heating rate is necessary for the binder burn-out process. 
This slow heating rate allows organic binder to evaporate before any interaction with platinum. 
However, very low heating rate at high temperatures increases the densification of platinum and 
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increases the chance of camber and other failures development. The optimum heating firing 
profile consists of 1-2 °C/min up to 450 °C for binder burn-out and 5-10 °C/min up to 1550 °C 
for sintering of the materials. 
Table 6-1 Densification behavior of platinum and alumina in different heating rates.  
Heating rate (°C/min) Platinum (μm) Alumina (μm) Difference (μm) 
0.2 64.068 86.891 22.822 
1 66.287 87.707 21.42 
5 68.36 82.37 14.01 
20 69.775 88.043 18.268 
 
6.5 Glass migration 
The physical bonding in the metal/ceramic interface is a very important mechanism to 
ensure the sealing and hermeticity of the final product. The migration of the glass from the 
ceramic to the metal by a liquid diffusion mechanism is the critical parameter to improve the 
metal/ceramic bonding. As mentioned in section 2.2.2, the migration of the glass is due to 
capillary force from the ceramic to the metal. This capillary force primarily depends on the 
difference in metal and ceramic surface tension and particle size. At high temperatures, capillary 
force increases by decreasing surface tension of metal/glass [69]. However, in the case of 
platinum, the metal/glass surface tension increases due to the decomposition of platinum oxide. 
This behavior of platinum could make some additional pressure to move the glass out of the 
metal and float it on top of the metal. To study this behavior, backscatter and secondary electron 
images of one sample via was taken and EDS analyses of different points was done to study the 
elemental composition distribution on the surface of the via. The SEM image of a sample via and 
its EDS elemental analyses of four different surface points are shown in figure 6-12 and 6-13. 
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 Backscatter Secondary Electron 
Figure 6-12 SEM image of fired feedthrough in a air atmosphere at 1550 °C  
 
Point 3 in figure 6-12 shows the average composition of the via. It is mostly occupied 
with platinum and has aluminum, carbon and oxygen as impurity. Presence of carbon could be 
attributed to an incomplete burn-out process. Aluminum and oxygen could be from the diffusion 
of alumina in the platinum in high temperature. However, the presence of all three elements 
could also be due environmental contamination and experimental error.  
The elemental analyses of point 1 and 2 indicated the presence of Si, Mg and Ca in 
addition to Pt, Al, C and O. This elemental composition implies the formation of the glass on the 
surface of platinum via.  Glass particles usually have the flake-like structure with the average 
size of 10-20 μm, but the glass particles shown in figure 6-12 have spherical shape with size of 5 
μm. This indicates the melting of glass at high temperatures. At high temperatures, melted glass 
failed to wet the platinum and floated to the surface of the via, and solidified into the spherical 
shape in the cooling process. In the cool down process, the temperature of the surface of 
platinum is less than the bulk. Based on figure 1-9, this temperature gradient could differentiate 
the glass/metal surface tension and produces capillary force to push the molten glass out of the 
metal. This mechanism can explain the formation of glass on the top surface of platinum via.  
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1 2 
  
3 4 
Figure 6-13 EDS analyses of the different point in the platinum via from figure 6-13 
 
Another fact that could support the proposed glass migration mechanism is the elemental 
composition of the ceramic structure around platinum. The adhering of ceramic to the sidewalls 
of platinum was shown before in figures 6-3. That bonding could be completely physical in 
nature and due to the migration of glass. However elemental analyses of point 4 shows mostly Al 
and O, which could rule out the effect of glass on the bonding formation of platinum/alumina 
and suggests the migration of glass to the surface of via.  
The EDS analyses of the cross section of the platinum via is shown in figure 6-14. It could 
be seen that there is almost no trace of glass component in the platinum via. As showed 
previously, glass melted and moved to the top surface of the via. 
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 O Mg Al Si Pt 
1 0 0.01 0.05 0.08 99.86 
2 0 0.01 0.06 0.13 99.81 
3 0 0.06 0.13 0.04 99.77 
4 50.34 0.07 49.56 0.03 0 
5 50.48 0.09 49.04 0.39 0 
 
Figure 6-14 EDS analyses of the cross section of the platinum via fired in the air atmosphere 
6.6 Sample annealing 
To study the effect of heat treatment on the metal/ceramic bonding, an already fired 
feedthrough was heated up to 1550 °C and then kept on that temperature for 5 hours. The results 
of the annealing process are shown in figure 6-15.  
As it can be seen, the annealing process really did not change the range of metal/ceramic 
bonding. However, it created a large crack in the middle of platinum via. The internal side of the 
crack, which is shown in high magnification image, is completely sharp. This indicates the 
formation of the crack at high temperatures. At high temperature the shrinkage of platinum is 
greater than alumina. The solid platinum is a material, so if the bonding of platinum to the 
surrounding ceramic is strong enough, platinum could fracture instead of delamination from the 
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ceramic wall. After the crack generation in high temperature, atoms can move and create a clean 
and sharp surface at high temperatures. 
  
  
Figure 6-15 SEM image of annealed sample for 5hr at 1550 °C 
 
The grain size of platinum is same as what observed in figure 6-3 (around 5 μm). This 
means that the heat treatment process does not have any affect on the grain growth of platinum 
particles. 
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6.7 Platinum metallization 
6.7.1 Platinum group metallization 
As described earlier, the platinum group metals (i.e. iridium, ruthenium and rhodium) 
have been used as the alloying elements to improve the platinum/alumina bonding strength. To 
study the effect of the introduction this kind of metallization, two platinum inks were prepared 
with 20 %Wt. concentration of iridium and rhodium. The inks were used to prepare a ceramic 
feedthrough and the results of the firing of such feedthroughs are shown in figure 6-16.  
  
  
Pt-4 + 20% Iridium Pt-4 + 20% Rhodium 
Figure 6-16 Electron microspoe image of fired feedthrough with different metalization 
Iridium and rhodium can create stable oxides below 1000 °C and this oxide can increase 
the adhesion between platinum and alumina. However, the weight loss experiments from figure 
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5-9 showed that iridium is mostly volatile after 1100 °C due to the formation of the gaseous 
species of iridium oxide. Rhodium also showed the same kind of behavior yet the extent of 
vaporization of rhodium is less than iridium. In addition to that, the mixture of Pt-4+20%Ir 
almost showed the same behavior as pure iridium. This suggests the catalytic effect of iridium on 
the vaporization of platinum. As shown figure 6-16, the iridium metallized sample is almost 
empty and all the material escaped form the via.  
The combination of rhodium with platinum can work better than iridium. The Pt-4 + 
20%Rh sample also showed the delamination of the metal from alumina like the pure platinum 
sample. Thermal expansion and densification rate of rhodium is less than platinum. Because of 
that, it is expected that the introduction of rhodium could decrease the shrinkage of platinum. Yet, 
the shrinkage is not enough to make a strong bond between platinum and alumina. 
Table 6-2 Melting temperature and thermal expansion of different metals and oxide 
 Melting temperature (°C) Thermal expansion (µm/(m.K)) 
Pt 1768 8.8 
Ir 2739 6.4 
Rh 2237 8.2 
W 3695 4.5 
Mo 2896 4.8 
Al2O3 2072 5.4 
Y2O3 2425 8.1 
WO3 1473 13 
96% Alumina tape -- 6 
 
Refractory metals like tungsten could also be used as the metallization in ink formulation. 
High melting point and low thermal expansion makes tungsten an ideal elect for this purpose, 
table 6-2 shows the thermal expansion values of different metals and oxides. However, refractory 
metals create volatile oxide above 1000 °C. The level of evaporation of tungsten and other 
refractory metals are much higher than iridium. Hence, their application in air is impossible and 
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suggested processing in a reduced atmosphere. The effect of tungsten metallization was studied 
thoroughly in this project and will be presented in the next chapter. 
6.7.2 Oxide metallization 
Oxides are mostly stable materials and their thermal expansion and shrinkage is less than 
the platinum powders. Because of that, the introduction of an oxide to the ink formulation is 
another way to decrease the platinum’s shrinkage with minimal impact on electrical conductivity. 
Alumina is the first choice because it is same as the ceramic tape material. Two different 
compositions of alumina (i.e. 20% Vol. and 20% Wt.) were used to develop platinum ink. The 
resultant feedthroughs are shown in figure 6-17.  
It was expected that mixture of platinum and oxide could create an aggregate composite 
to control the shrinkage. However, composites need an excellent dispersion to achieve the best 
performance. Despite the concentration of the alumina powder in the ink formulation, a layer of 
alumina was formed on the top surface of all vias. As described before in the section 2.2.2, glass 
flows to the top surface of the platinum due to the capillary force. The same phenomena could 
happen to alumina as well. Specific density of alumina is approximately 0.1 of the specific 
density of platinum. Because of that, the slightest capillary force could push the alumina to the 
surface. It is clear from the figure 6-17 that the sample with 20%wt. alumina (~50% Vol.) shows 
the migration of the alumina powder. On the other hand, it shrinks less than the other sample due 
to higher concentration of alumina. The sample with 20%Vol alumina still shows delamination 
from the ceramic and suggests that alumina is not a good oxide selection for platinum 
metallization to control the sintering and densification of platinum. 
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20% Vol. 20% Wt. 
Figure 6-17 SEM image of ceramic feedthrough metalized with alumina 
Powel [140] showed that yttrium oxide could react with platinum and control the 
sintering and shrinkage of platinum Because of that, conductive platinum ink with 20%Vol Y2O3 
was prepared to study the effect of yttrium oxide on sintering of platinum.  The result of such 
feedthrough is shown in figure 6-18. 
The introduction of yttrium oxide could not inhibit the sintering and densification of 
platinum and the via material pulled back from the walls. Similar to the image 6-17, the surface 
of the platinum is covered with the oxide, but the shrinkage of platinum with Y2O3 is more than 
platinum with Al2O3.  It is clear from the EDS mapping that the surface of the via is almost cover 
with yttrium oxide.  
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Figure 6-18 SEM image of ceramic feedthrough metalized with ytreium oxide 
   
  
 
Figure 6-19 EDS mapping of the of ceramic feedthrough metalized with ytreium oxide 
 
It could be concluded that introduction of oxides in air atmosphere is not an appropriate 
way to control the shrinkage of the platinum powder. 
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7 Feedthrough development in reduced atmosphere 
 
7.1 Introduction 
Bonding and reaction of platinum and alumina could be enhanced in reduced atmosphere 
[6, 55]. Hydrogen can reduce alumina and different reaction products are reported from this 
reaction based on the concentration of hydrogen and temperature of the reaction. Pure hydrogen 
atmosphere can only worsen the shrinkage situation by increasing the reduction reaction of 
platinum and increasing the shrinkage of platinum [129]. In addition, hydrogen could soften the 
Pt-Pt bond and decreases the melting the temperature of platinum [147]. The results of a sample 
feedthrough fired in two different concentrations of hydrogen at 1550 °C are shown in figure 7-1.  
  
H2 – Ar (10-90) H2 – Ar (25-75) 
Figure 7-1 SEM image of feedthrough fired in two different concentration of hydrogen 
 
It is clear from figure 7-1, the platinum powder was melted and forms a very dense 
structure. Backscatter image shown in figure 7-2 and EDS elemental analyses shown in figure 7-
3 indicated that alumina and glass particles melted and came to the surface of the via. Ceramic 
has reinforced the glass phase to the sidewalls of the via and created a dense structure around the 
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via. A large particle of the ceramic is also showed in the surface of the platinum via. Alumina 
melted completely and moved to the surface of the platinum. 
 
Figure 7-2 Backscatter SEM image of a sample platinum via fired in H2 – Ar (25-75) atmosphere at 1550 °C 
The major problem of the firing in reduced atmosphere was observed with samples fired 
in two different furnaces. A small self-fabricated furnace was used to study the effect of 
temperature, hydrogen concentration and atmospheric humidity. These parameters allowed us to 
optimize the firing profile parameters. However, when a sample was fired in the commercial 
Camco G-1600 under the same condition, the density and shrinkage of the samples were 
significantly different. A ceramic firing ring from Ferro Co. was used to analyze the temperature 
and heat absorption in both furnaces. The diameter of the ring depends on the final temperature 
and the total heat absorbed, which makes it possible to measure the relative performance in each 
furnace. The results showed that the temperature control is similar in both furnaces; these 
differences can be due to the different in heat convection mechanism in different furnaces. 
Platinum particle size and platinum metallizations were evaluated to develop a hermetic 
feedthrough. 
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 O-K Al-K Si-K Mg-K Pt-L 
Point1 40.93 17.36 20.27 21.44 0.00 
Point 2.14 1.51 6.49 0.13 89.74 
 
Figure 7-3 EDS elemntal analyses of a sample platinum via fired in H2 – Ar (10-90) atmosphere at 1550 °C 
 
Figure 7-4 SEM image of two samples via. Feedthrough fired in in H2-Ar (10-90) atmosphere in Camco G-
1600 at 1550 °C  
7.2 Firing temperature 
Temperature is one of the most important parameters that controls the final microstructure 
of the feedthrough sample. Because of that, the effect of firing temperature on the properties of 
the feedthrough in a reduced atmosphere were studied and are given in figures 7-5 and 7-6. Pt-4 
and Pt-5 platinum particles were used to develop the feedthrough. After the burn-out process, 
each feedthrough was heated up to the desired temperature at the heating rate of 10 °C/min, 
maintained at that temperature for an hour and was rapidly cooled down. Firing was done in the 
H2 – Ar (25-75) atmosphere.  
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1050 1150 
  
1250 1350 
  
1450 1550 
Figure 7-5 SEM image of the Pt-4 platinum powder via fired at different temperatures. Feedthroughs are 
fired in the H2 – Ar (25-75) atmosphere 
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1050 1150 
  
1250 1350 
  
1450 1550 
Figure 7-6 SEM image of the Pt-5 platinum powder via fired at different temperature. Feedthroughs are fired 
in the H2 – Ar (25-75) atmosphere 
In the lowest firing temperature (i.e. 1050 °C), both particles start to densify. Pt-4 
contracts and shrinks, while Pt-5 expands and covers the surrounding area. In the temperature 
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range of 1150 – 1250 °C, both particles follow almost the same trend and start to contract 
similarly. The temperature is not high enough to exhibit a reaction between the ceramic and 
metal. There is ceramic debris structure around Pt-4 at 1150 °C and at 1250 °C around Pt-5, 
which is very similar to what was observed before in feedthroughs fired in an air atmosphere. 
The behavior of platinum powders starts to change after the temperature reaches 1350 °C. 
In the range of 1350 – 1550 °C, Pt-5 starts to expand and fill the via. By increasing the 
temperature, platinum starts to expand and ultimately makes a dome-like structure above the via. 
At 1350 °C, 1450 °C and 1550 °C, the platinum via is 97 μm, 105 μm and 150 μm in diameter, 
respectively. At 1350 °C, platinum covers the surface, similar to 1050 °C and covers the larger 
area. Later, it starts to contract and fill the via. As is seen from figure 7-5, at 1450 °C, the 
ceramic around the platinum disappears and creates a recessed structure. This behavior extends 
at 1550 °C and the recessed area around the platinum increases. At 1450 °C, the recessed area is 
135 μm in diameter and at 1550 °C, it is about 200 μm. At temperatures above 1450 °C, 
platinum starts to dissolves alumina from the surrounding area and expands. By the introduction 
of alumina and glass particles into platinum, platinum starts to expand up to 150 μm and creates 
a dome structure. 
The interaction of the Pt-4 particle and alumina is more complicated under the same 
conditions. At 1350 °C, platinum densifies more and forms a complete sphere. By increasing the 
temperature, platinum starts to expand and fill the via. In temperature range of 1350 – 1450 °C, a 
coating of alumina covers the surface. In this temperature range, platinum dissolves some of the 
ceramic from the sidewalls and pushes them to the top surface. At 1350 °C, the alumina coating 
has a small grain size and does not cover the whole surface. However, at 1450 °C, the alumina 
covers the surface completely with a large grain structure. As is shown in figure 7-6, it is also 
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obvious that a small portion of the platinum via at 1450 °C is covered with alumina. Platinum 
powder dissolves alumina at high temperatures, however, different final microstructure of the 
two platinum particles at 1450 °C could suggest two different reactions: 
1. Smaller size particles wick the alumina and push it to the top. This can be due to the 
higher density of smaller particles at high temperatures. 
2. High surface area of the smaller particle increases the interaction between platinum and 
alumina and increases the amount of solute. 
 
Figure 7-7 SEM image of Pt-4/alumina boundary area. Feedthrough fired in the H2 – Ar (25-75) atmosphere 
at 1550 °C 
Due to grains growth of platinum particles at high temperatures, the first reaction is most 
probable. At the highest temperature, platinum completely dissolves the ceramic and there is no 
sign of it on the surface. As is shown in the backscatter image of the Pt-4 sample in figure 7-2, 
ceramic covers around the via and strongly bonds with it. A large droplet shape ceramic also 
appears on top of the platinum via, but it does not have a grain structure. The ceramic structure is 
more like a solidified glass, which was analyzed in figure 7-3. This behavior could suggest the 
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complete solution of alumina and glass in platinum at high temperatures. Figure 7-8 shown the 
concentration gradient of different elements in platinum for the Pt-5 platinum powder via fired at 
1550 °C, detremiuned by EDS analyses.  
 
Figure 7-8 Concentration gradient of different element in platinum for the Pt-5 platinum powder. 
Feedthrough fired in the H2 – Ar (25-75) atmosphere at 1550 °C 
It is obvious that silicon diffuse majorly through the entire width of the via. The weight 
concentration of the silicon is almost constant and is about 3.5%. Pt-Si phase diagram [148]  
does not show any solid solution of silicon of silicon in platinum. Therefore, the 3.5% 
concentration of silicon in platinum suggests the reaction of SiO2 with platinum and the creation 
of a Pt3Si phase. Silicate compounds, which are used mostly as the glass phase in HTCC ceramic 
tape formulation, could be the source of SiO2 for reaction. Aluminum is mostly availably in the 
first few microns from the interface. The concentration of aluminum in platinum is about 1.5 
Wt.%, which is equal to the solubility of aluminum into platinum [149]. After about 8 microns 
form the interface, the concentration of the alumina dropped drastically and it is almost 
negligible. This behavior could suggest that silicon prevents diffusion of aluminum into platinum. 
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To minimize the effect of silicon on the diffusion of the aluminum, the 99.9% HTCC 
ceramic tape were use to develop a feedthrough and the concentration gradient of different 
elements are shown in figure 7-9. It is clear that the concentration of the aluminum gradually 
decrease, however the final concentration is about 5 Wt%, which is more than the solubility limit 
of the aluminum in platinum. This behavior promotes the formation of Pt3Al phase. The 
concentration of oxygen shown in Figure 7-8 and 7-9 is almost zero in all cases, which is due to 
the reduction of alumina and silica in the reduced atmosphere. It should be noted that EDS does 
not show any trace of platinum in alumina, which indicates that diffusion only happened from 
the alumina side to the platinum. 
 
Figure 7-9 Concentration gradient of different element in platinum for the Pt-5 platinum powder and 99.9% 
HTCC ceramic tape. Feedthrough fired in the H2 – Ar (25-75) atmosphere at 1550 °C 
At high temperatures, platinum absorbs the ceramic grains and glass from the sidewalls 
and that expands the structure. Platinum dissolves silicon and cannot maintain the solubility of 
the aluminum, thus the aluminum moves comes to the surface. Based on the temperature, 
alumina could recrystallize to large grains or small grain size. However, at temperatures above 
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1500 °C, it dissolves into the platinum and remains as a reaction product. This could be due to 
the formation of a Pt-Al compound as a second phase in the platinum-alumina interface.  
The cross section SEM images of Pt-4 and Pt-5 samples fired in 1550 °C are shown in 
figure 7-10. Both samples showed a very dense structure. The via in each layer diffused 
completely to each other, which provides continues connectivity through the feedthrough. 
However, in some cases high z-axis shrinkage of the ink broke the continuity of the platinum via. 
It is also clear that there is a significant boundary line between metal and ceramic. This clear 
boundary region makes it difficult to characterize the diffusion of alumina in platinum.   
  
Pt-4 Pt-5 
Figure 7-10 Backscatter image of the platinum via from two different particles. Feedthroughs are fired in the 
H2 – Ar (25-75) atmosphere at 1550 °C 
 
7.3 Hydrogen concentration 
As was indicated before, in the temperature range of 1350 – 1450 °C, the surface of the 
platinum is covered with alumina. A series of feedthrough samples with Pt-4 platinum particles 
were fired at 1400 °C in different hydrogen concentrations. The SEM images of these samples 
are shown in figure 7-11. 
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2% 5% 
  
10% 25% 
 
 
50%  
Figure 7-11 SEM image of Pt-4 platinum via fired at different hydrigen concentration in the mixture with 
argon. Feedthroughs are fired at 1400 °C. High magnification image shown in left corner  
In the lowest hydrogen concentration, platinum only densified and no structure was 
observed. High magnification images also shown in figure 7-11 indicate the sample fired in 2% 
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hydrogen showed that the platinum structure is very dense and all the particles almost fuse 
together. By increasing the concentration of hydrogen up to 5%, all platinum particles fuse 
together and create one large platinum single crystal with the truncated octahedron shape. Figure 
7-9 also shows a truncated octahedron crystal formed in the via fired in the H2 - Ar (5-95) 
atmosphere. In addition to that, alumina starts to dissolve into the platinum. Because the low 
firing temperature, alumina grains maintained their structure and grain growth is not observed. 
An alumina coating formed on the surface of the platinum after the hydrogen 
concentration reached 25%. Increasing the hydrogen concentration from 25 to 50% in 1400 °C 
helps the alumina covers the surface of platinum completely. The sample fired in 50% hydrogen 
has a more ordered structure than the other ones. Alumina has moved from the sidewalls to the 
via and to the surface. This behavior also recessed the alumina around the via and developed a 
mechanical bump to the top structure. 
 The microstructure of the sample in 50% hydrogen is very similar to the structure of the 
sample fired at 1450 °C in 25% hydrogen in figure 7-5. The temperature and the concentration 
are acting in the same way. Increasing both the temperature and hydrogen concentration 
increases the amount of dissolved alumina into the platinum. Shankland and Waff [150] for the 
first time showed that hydrogen decreases the melting temperature of the material in the earth 
crust, which is known as partial melting phenomena.  Grönbeck et al. [147] showed that the 
introduction of hydrogen into palladium clusters could soften the Pd-Pd bond and would 
decrease its melting temperature. In addition, hydrogen also induces the melting of materials due 
to the heat released during the dissociative adsorption. In conclusion, it could be said that 
hydrogen increases the possibility of melting and dissolution of alumina into platinum. By 
increasing the hydrogen concentration, the amount of alumina increases, but due to limited solid 
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solubility, the platinum cannot hold that much alumina and it floats to the surface. The sample 
fired in 10% hydrogen is compatible with this mechanism. As depicted in figure 7-9, the 10% 
sample shows that only platinum is melted, but there is no sign of ceramic around or above the 
platinum via. The hydrogen concentration is sufficient to absorb alumina into platinum, 
minimizing the “slag” effect to the surface. This result is also in agreement with the sample 
shown in figure 7-5 fired at 1550 °C. The sample fired at 1400 °C and 10% hydrogen is very 
similar to the sample fired at 1550 °C and 25 % hydrogen. At 1550 °C, the sample has a better 
chance of melting and creating a melted dense structure. The size of the via at 1400 °C is 85 μm, 
while at 1550 °C, it is 104 μm. This means that at 1550 °C and 25% hydrogen concentration, the 
amount of absorbed alumina is more than that of the sample fired at 1400 °C and 10% hydrogen.  
 In the filling process, the area surrounding the via is also covered with ink. In the burn-out 
process and during the heating, the platinum covering this surrounding area starts to coalescence 
and fuse together. The particles start out as drops with no distinct structure. Upon heating, the 
particles change to a macro-sized single crystal with a distinct crystal shape. Particles formed in 
different hydrogen concentrations are depicted in figure 7-11. Lee et al. [151] showed that below 
the melting temperature, platinum basically has a spherical shape with distinct (100) and (111) 
facets, and curved regions in between. They also observed the formation of cubo-octahedrons 
shape particles when samples were heavily contaminated with carbon. Particles heated at 
1400 °C, about 350 °C degrees lower than the melting temperature of the platinum, demonstrate 
particle that are faceted. It is clear that increasing the hydrogen concentration changes the 
particle shape from the truncated octahedron to the spherical faceted in some edges to the almost 
spherical particle. Truncated octahedron is the equilibrium FCC crystal shape at 0 °K[152, 153], 
which means that increasing the hydrogen concentration enhances the atom movements and 
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helps the platinum crystal to transfer from 0 °K equilibrium state to the spherical shape. The 
faceted surfaces observed in the sample fired in 10% hydrogen are not really flat and have a 
ledge structure. These stepped and kinked structures suggest that the surface moves to form a 
complete sphere [151]. At 25% hydrogen concentration, almost all of those ledges disappear and 
crystal has a complete spherical shape. 
 
   
5% 10% 25% 
Figure 7-12 High magnification SEM image of platinum crystals formed in different hydrogen concentration 
at 1400 °C 
 
7.4 Atmosphere humidity 
Ratio of the H2O to H2 impacts the reaction between platinum and alumina due to the 
partial pressure of O2. H2O also controls the oxidation of platinum and reduction of alumina [10]. 
Figures 7-13 and 7-14 are shown the effect of wet hydrogen atmosphere on the structure of Pt-4 
and Pt-5 platinum particles. Hydrogen passes through the bubbler to burn-out the organic. After 
the temperature reached 600 °C the concentration of the wet hydrogen is decreased to decrease 
the amount of H2O vapor in the furnace and reduces the oxygen partial pressure to zero. Samples 
were heated up to 1550 °C at the rate of 10 °C/min and were kept for 3 hours and then were 
cooled down with the same rate.  
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The H2O reacts with platinum, minimizing the platinum densification. Additionally, H2O 
minimizes alumina dissolution into platinum. The final structure of via is similar to a sintered 
powder.  
  
Wet Dry 
Figure 7-13 Back scatter SEM image of Pt-4 feedthough sample fired at 1550°C and 10% Hr – 90% Ar in wet 
and dry atmosphere 
  
Wet Dry 
Figure 7-14 Back scatter SEM image of Pt-5 feedthrough samples fired at 1550°C and 10% Hr – 90% Ar in 
wet and dry atmosphere 
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7.5 Platinum particle size 
One of the important parameter in sintering of platinum is the platinum particle size. Four 
different platinum particles were used to study the effect of particle size on the final structure of 
the feedthrough. Samples were fired in the H2-Ar (10-90) atmosphere at 1550 °C. The SEM 
images of the fired feedthroughs are shown in figure 7-15. 
  
Pt-4 Pt-5 
  
Pt-6 Pt-7 
Figure 7-15 SEM image of platinum via with different platinum partcile size. Feedthroughs are fired in the 
H2-Ar (10-90) atmosphere at 1550 °C 
 
As can be seen from figure 7-15, Pt-5 and Pt-7 almost showed the same kind of 
microstructure. Both of them showed good bonding between platinum and alumina. This is not 
unexpected due to their similar densification behavior, physical structure and particle size. 
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However, as shown in figure 7-16, the Pt-7 platinum powder contracts and lost the continuity 
through the length of the via. 
 
Figure 7-16 SEM image of the Pt-7 platinum powder. Feedthrough fired in the H2-Ar (10-90) atmosphere at 
1550 °C 
The crystals formed around Pt-4, Pt-5 and Pt-6 have spherical shape with distinct (100) 
and (111) facets, while a truncated octahedron shape is observed for the Pt-7 particle. It is not 
clear why the truncated octahedron crystal was formed instead of the spherical crystal for Pt-7 
particle. Crystals formed from Pt-4 platinum is more spherical in shape than the others. Higher 
surface energy of smaller particle helps the atoms move faster so the spherical particle forms in 
lower temperature.  
Figure 7-17 shows the effect of introduction of 20% Pt-4 in the microstructure of Pt-6 
and Pt-7 feedthrough. Despite the fact that each platinum particle used in this project has it is 
own final microstructure; the mixture of Pt-6 and Pt-7 with Pt-4 almost has the same structure. 
Upon heating the surface of the platinum via covered with the ceramic, Alumina is absorbed 
from the sidewalls and floats to the surface of the platinum. The grain structure of the alumina is 
very similar to the ceramic grain from the tape. This could support the migration mechanism of 
alumina particles from the side of the via to its surface. 
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Pt-6 + 20% Pt-4 Pt-7 + 20% Pt-4 
Figure 7-17 SEM image of platinum via with the mixture of different platinum particles. Feedthroughs are 
fired in the H2-Ar (10-90) atmosphere at 1550 °C 
The cross section image of Pt-7 and Pt-7 + 20% Pt-4 samples are shown in figure 7-18. 
The Pt-7 platinum powder melted on the top surface and wets the sidewalls of the alumina 
completely.  However, in mixture of Pt-7 and Pt-4 sample a layer of ceramic covered the surface 
of the platinum powder as showed before in figure 7-17. The EDS analyses indicated that the 
coating composed mostly out of alumina. The diffusion gradient of the elements form the 
platinum/ alumina interface is shown in figure 7-19.  
  
Pt-7 Pt-7 + 20% Pt-4 
Figure 7-18 SEM image of Pt-7 platinum via cross-section. Feedthroughs are fired in the H2-Ar (10-90) 
atmosphere at 1550 °C 
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Aluminum, silicon and oxygen exist in the first 15 microns of the platinum via. This 
suggests that in this region platinum is mixed with silica and alumina. The concentrations of 
aluminum and oxygen decrease until they become negligible after 15 microns. Concentration of 
silicon increased and reached to its maximum in 25 microns depth from the interface.  As 
showed before in in figure 7-8 and 7-9, silicon prevents the diffusion of aluminum into platinum, 
consistent with the aluminum concentration decreasing with increasing silicon showed in figure 
7-18. As the distance increases from the interface, the concentration of the silicon decreases.   
 
 
Figure 7-19 Concentration gradient of different element in platinum for the Pt-7 + 20% Pt-4 platinum 
powder. Feedthrough fired in the H2 – Ar (25-75) atmosphere at 1550 °C 
As explained previously, platinum dissolves the ceramic from the sidewall, reacts with a 
portion of it and push the rest of it to the top. Due to this process, the via could be spilt into four 
regions. In the first region, a ceramic coating forms on the top surface of the via. After that, in 
the first few microns from the interface a mixture of platinum and ceramic develops in the 
second region.  In the third region, 20 -30 micron from the top surface, aluminum and oxygen 
and silicon reached to its maximum concentration.  Afterward silicon concentration decreased 
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and maintained steady with its equilibrium concentration in the fourth region, as shown in figure 
7-19.  
7.6 Platinum metallization 
To control the shrinkage of the platinum and increase the platinum/alumina bonding 
strength, different metallization have been used in the ink formulation. Alumina, yttrium oxide, 
iridium and rhodium were used before in ink formulation in the natural atmosphere. However, 
none of them was successful.  
7.6.1 Oxide metallization 
Ceramic oxide could be used in the ink formulation to control the shrinkage of platinum. 
As discussed before in section 6.7.2 alumina is the first choice, because of the similarity with 
ceramic tape. In a reduced atmosphere, tungsten oxide could react with platinum and prevent its 
densification. A series of feedthroughs were prepared from the platinum with 20% vol. oxide in 
ink formulation and were fired in 1550 °C. The results are shown in figure 7-20.  
The surface of the platinum in the sample with 20% alumina is completely covered with 
the alumina. The ink completely filled the via, yet the alumina migrated and covered the surface.  
In the sample with 20% tungsten oxide, platinum in the via pulled back from the wall. It seems 
that nano-sized oxide particles filled the platinum’s porosity and completely mix with platinum 
at high temperature. Yet, tungsten oxide did not control the shrinkage of the platinum. In pure 
platinum, as shown in figure 7-3, platinum interacts with alumina and absorbs it into the via. 
Platinum seems to react with tungsten oxide instead of alumina at high temperature and the small 
grain size of tungsten oxide does not control the shrinkage so the final structure is smaller than 
the via size. 
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Al2O3 WO3 
Figure 7-20 SEM image of platinum metalized with aluminum oxide and tungsten oxide. Samples fired in the 
Hr –Ar (10-90) atmosphere at 1550 °C 
7.6.2 Tungsten metallization 
Refractory metal elements, such as tungsten and molybdenum, have a long history in 
cofired multi layer ceramic industry [67]. Densification behavior and thermal expansion of 
refractory metals and alumina ceramic is very similar and they have been used to fabricate the 
internal metallization of cofire alumina microcircuits.  However, in the case of the refractory 
elements, the very high melting points as well as their resistance to deformation impact the 
sintering at lower temperatures below their melting points. Therefore platinum has been used as 
a sintering aid for lowering the sintering temperature of refractory metals [154]. This history 
makes tungsten/platinum an ideal choice for ink metallization for firing in a reduced atmosphere. 
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Microstructures of mixture of W-1 with Pt-4 particles with different ratio are shown in figure 7-
21. In addition to that, densification of each mixture is shown in figure 7-22. 
  
W-1 W-1+20%Pt-4 
  
W-1+50%Pt-4 W-1+80%Pt-4 
Figure 7-21 Microstrcture of the mixture of W-1 and Pt-4 partciles in different ratio . Samples fired in the H2 
– Ar (10-90) atmosphere at 1550 °C  
Increasing the amount of platinum in mixture increases the densification of the tungsten. 
The metal grains are larger in the mixture 80-20 (Pt-W) mixture and the other two mixtures. This 
behavior is also in agreement with densification behavior that is shown in figure 7-22. Pure 
platinum contracts up to 65% of its original density in hydrogen, while adding 20% tungsten 
decreases the densification up to 37%. The tungsten powder shrinks about 5%. Addition of 20% 
and 50% platinum to tungsten increase its shrinkage up to 15 and 22%. The tungsten powder 
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with 20% platinum is the optimum concentration to start with. The resultant feedthrough made 
from the tungsten with 20% wt. platinum is shown in figure 7-23. 
 
Figure 7-22 Densification of the mixture of W-1 and Pt-4 partciles in different ratio . Samples fired in the H2 – 
Ar (10-90) atmosphere at 1550 °C  
 
 
Figure 7-23 SEM image of tungsten metalized with platinum (W-1 + 20% Pt-4). Feedthrough fired in the H2 – 
Ar (10-90) atmosphere at 1550 °C. High magnification image shown in left corner 
The metal particles filled the via completely. Tungsten particles partial sinter completely 
and the structure has sufficient density to produce hermeticity. To increase the density of the via, 
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instead of large micron-sized particles (~ 1-5 μm), submicron tungsten particle (>1 μm) was used. 
The microstructure of the fired sub micron tungsten with platinum (W-2 + 20% Pt-4) is shown in 
figure 7-24.  
 
Figure 7-24 SEM image of submicron tungsten metalized with platinum (W-2 + 20% Pt-4).  High 
magnification image in left corner shows the backscatter image. Feedthrough was fired in the H2 – Ar (10-90) 
atmosphere at 1550 °C  
 
Decreasing the tungsten particle increases the densification of the tungsten/platinum 
mixture. In addition to different densification behavior, some crystal was formed on top of the 
via in small tungsten particle. Backscatter image of the W-2/Pt-4 sample in figure 7-24, showed 
that the crystals formed are not pure tungsten. Okuyama [155] showed that pure tungsten crystal 
has the rhombic dodecahedron shape, which is similar to some of the particles formed in W-2/Pt-
4 sample. Darker particles in figure 7-24 depicted a rhombic dodecahedron crystals. However, 
when platinum reacts with the tungsten, the crystals start to deform from rhombic dodecahedron 
to the spherical shape. Additionally, platinum acts as the filler material and attaches some of the 
tungsten crystal to each other. 
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Platinum and tungsten are both biocompatible, however, the difference in atomic electron 
structure could create corrosion cell in the body and increase the possibility of the feedthrough 
failure. Hence, despite the fact that W-2 with 20% Pt-4 has the dense structure, the via material 
with a greater concentration of the platinum is desirable. The results of W-2/Pt-4 sample with 
different ratios are shown in figure 7-25. Even though the via structure looks completely dense in 
both cases, the platinum shrank, detached from the side of the via and providing lack of 
hermeticity.  
  
W-2 + 50% Pt-4 W-2 + 80% Pt-4 
Figure 7-25 SEM image of submicron tungsten metalized with platinum (W-2 / Pt-4). Feedthrough was fired 
in the H2 – Ar (10-90) atmosphere at 1550 °C  
 
To enhance the structure of the via, the mixture of W-2/Pt-5 with two different 
composition (i.e. 50-50 and 20-80) were prepared and fired under the same condition. The 
images of fired vias are shown in figure 7- 26. In addition the cross section image of 50-50 
sample is also shown in figure 7-27.  
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W-2 + 50% Pt-5   W-2 + 80% Pt-5 
Figure 7-26 SEM image of submicron tungsten metalized with platinum (W-2 / Pt-5). Feedthrough was fired 
in the H2 – Ar (10-90) atmosphere at 1550 °C  
  
Figure 7-27 Backscatter cross-section image of W-2/Pt-5 (50-50) sample. Feedthrough was fired in the H2 – Ar 
(10-90) atmosphere at 1550 °C  
Both samples showed very dense structure. In the sample with 50-50 composition, the via 
was completely filled with tungsten/platinum mixture, while, the 80-20 mixture exhibited 
detachment from the via. Cross section image in figure 7-22 also shows that the via material has 
a strong bonding with ceramic and also confirms that there is good adhesion between each layer 
of tape. The metal mixture in each layer has strong contact with another and this make 
continuous conductivity possible. The metallization still has a porous structure from the side, but 
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it is good enough to satisfy the hermeticity requirement. However, the density of the sample in 
figure 7-22 is significantly different from the samples showed in figure 7-8, which emphasizes 
the difference between two furnaces. 
7.7 Tungsten sample 
As mentioned previously, tungsten has a long history in multilayer ceramic industry. 
Because of that a series of feedthrough were prepared based on the pure tungsten formulation to 
study the behavior of tungsten in feedthrough structure. The microstructure of the feedthrough 
with micron sized tungsten particle is shown in figure 7-28.  
The tungsten particles exhibit minimal sinter and limited densification. The temperature 
was not sufficient to promote sintering. However, from the backscatter image, it is clear that the 
particles joined together with the molten glass between them. Tungsten particles have strong 
bonding with ceramic.  Glass also provides a good matrix structure to join metal particles to each 
other, and in overall the whole system is functional with a high degree of hermeticity. 
 
Figure 7-28 SEM image of feedthrough with micron sized tungsten particle (W-1). High magnification image 
in left corner shows the backscatter image. Feedthrough was fired in the H2 – Ar (10-90) atmosphere at 1550 
°C  
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To compare the behavior of the developed tungsten feedthrough, commercially available 
tungsten paste from AdTech Ceramic Co. (Chattanooga, TN) was used to develop a similar 
feedthrough. The resultant feedthrough structure is shown in figure 7-29. As it can be seen, the 
microstructure of the tungsten particle is very similar. Yet the amount of glass particles on top of 
the via is more than the sample showed in figure 7-28. The ink that was used in the feedthrough 
shown in figure 7-28 is the pure tungsten without any glass as the filler, while the tungsten ink 
from AdTech contained glass. High aspect ratio of the via structure creates capillary force to 
push the light materials on the top surface. This capillary force pushes the glass out of the via 
and cover the surface of the via,  
 
Figure 7-29 SEM image of feedthrough with commerical available tungsten paste from AdTech Cearmic Co. 
High magnification image in left corner shows the backscatter image. Feedthrough was fired in the H2 – Ar 
(10-90) atmosphere at 1550 °C  
7.7.1 Tungsten particle size 
To increase the density of the via material, submicron tungsten particle was used instead 
of large macron sized particle. The result is shown in figure 7-30. As anticipated, the increased 
surface free energy of the small particles assisted the sintering in addition to that melted glass 
 131 
diffuses into the entire structure of the metal and binds everything together. To achieve the 
optimum densification and shrinkage of the tungsten, the mixture of the equal ratio of two 
tungsten particles was used to develop a feedthrough structure.  
As it could be seen in figure 7-31, the mixture of two tungsten particles creates an 
efficient packing to maximize the density and hermeticity of the final feedthrough structure. 
 
Figure 7-30 SEM image of feedthrough with submicron sized tungsten particle (W-2).  High magnification 
image in left corner shows the backscatter image Feedthrough was fired in the H2 – Ar (10-90) atmosphere at 
1550 °C  
  
Figure 7-31 SEM image of feedthrough with 50-50 mixture of two tungsten particles. Feedthrough is fired in 
10% H2-90% Ar atmosphere at 1550 c 
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7.7.2 Tungsten-glass sample 
To increase the density of the tungsten particles, 20% vol. glass was used in the ink 
formulation. The glass was composed of equal ratio of kaolinite clay and talc, the same glass 
composition used for the 96% HTCC alumina tape. The SEM image of the feedthrough is shown 
in figure 7-32. 
 
Figure 7-32 SEM image of feedthrough with mixture of micron sized tungsten particles and 20% glass. 
Feedthrough was fired in the H2 – Ar (10-90) atmosphere at 1550 °C  
 
The structure of the sample is very similar to the sample showed in figure 7-27. Glass 
particles in the ink formulation also melted and diffused between the metal particles. However 
the structure of the via is not that much different from the sample without glass and the effect of 
glass in ink formulation is almost negligible. It seems that the amount of glass in the tape 
formulation is enough to fill the free space between tungsten particles and having more glass in 
the ink formulation is not necessary.  
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7.8 Composite sample 
To satisfy the requirements of a feedthrough with maximum amount of platinum and 
hermeticity to 1×10-9 cc-He/sec, a composite sample were prepared. The composite sample 
consisted of the three tungsten layers for the middle of the structure to obtain the hermeticity, 4 
layer of W-2/Pt-5 (50-50) and 2 layers of the W-2/Pt-5 (80-20) for both surfaces. A pure 
platinum layer is placed on both sides of the feedthrough to satisfy the f requirement for bonding 
for assembly to the next level of the device (flex circuit and electrode structure). Tungsten layers 
were made from the equal ratio mixture of two tungsten particles. The cross-section image of 
such a feedthrough is shown in figure 7-28. It is clear that the materials through the via are 
completely filled and have good bonding with ceramic. There is good binding between platinum 
and tungsten layer that provides a continuous electrical conductivity. 
 
 
Figure 7-33 Backscatter SEM image of cross-section of the composite sample 
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7.9 Hermeticity measurement 
Due to the high priority of hermeticity requirement for medical industry, as the last step to 
check the performance of the feedthrough, hermeticity of the different feedthrough structures 
were measured and shown in table 7-1. For medical application hermeticity of the device should 
be greater than 1×10-9 cc-He/sec. As it is clear, the tungsten sample, two of the platinum tungsten 
and composite sample satisfy the hermeticity requirement completely. 
  
Table 7-1 Hermeticty measurements of the different samples 
Furnace Sample Atmosphere Hermeticity (cc-He/sec) 
GSL -1600X Pt-6 Air 1.4×10
-5 
Pt-7 5.6×10-6 
Camco G-1600 
Pt-6 
H2 – Ar (10-90) 
3.5×10-7 
Pt-6+20%Pt-4 5.2×10-8 
Pt-7 >1×10-9 
Pt-7+20%Pt-4 >1×10-9 
Pt-4 5.1×10-6 
Pt-4+20%W-2 1.8×10-5 
Pt-4+50%W-2 8.3×10-7 
Pt-4+80%W-2 1.5×10-7 
Pt-5+20%W-2 2.2×10-6 
W-1+W-2 >1×10-9 
Composite Sample >1×10-9 
Self-fabricated Pt-4 H2 – Ar (25-75) >1×10-9 
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8 Platinum/alumina reaction and interaction 
 
8.1 Platinum/alumina powder mixture interaction 
Bronger et al. [13] showed that the mixture of platinum and alumina above 1200 °C in a 
hydrogen atmosphere for more than 72 hours could react to form Pt3Al. To study the behavior of 
platinum/alumina at high temperatures, the mixture with different platinum/alumina ratio were 
prepared and heated. Different ratios of Pt-4 and n-Alumina, as shown in table 8-1, were used to 
study the effect of the composition on the reaction product. Each ratio was chosen based on the 
Pt/Al intermetallic compounds of the Pt-Al phase diagram as shown in figure 8-1. Each sample 
was rapidly heated to 1400 °C and 1600 °C and then maintained on that temperature for 8 hours. 
Experiments were carried out in two different atmospheres (i.e. air and 5% H2- 95% Ar mixture) 
to study the effect of atmosphere on the reaction.  
Table 8-1 Composition of different Pt/Alumina mixture based on different Pt-Al intermetallic compound 
Name  Pt47 Pt65 Pt79 Pt92 
Compound PtxAly Pt5Al21 PtAl2 PtAl Pt3Al 
Composition Pt wt.% 47 65 79 92 Pt vol.% 13.5 25 40 66.5 
 
Low magnification optical images of the samples are shown in figures 8-2 and 8-3. The 
samples heated in different atmospheres developed two different morphologies. The samples 
heated in the air atmosphere exhibited a lighter color, which suggest the presence of more 
aluminum oxide on the surface. As shown in figure 8-2, the surface of Pt92 sample is covered 
completely with the shiny platinum layer. Pt92 sample fired in hydrogen and air exhibited 
completely different structure. The sample in hydrogen is completely melted and contracted into 
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a spheroid shape, yet the air sample still keeps its structure. This could suggest the idea that 
hydrogen decreases the melting point of platinum. 
 
 
Figure 8-1 Pt-Al Phase diagram 
 
 
1400 
    
1600 
    
 Pt47 Pt65 Pt79 Pt92 
Figure 8-2 Optical image of Pt/Alumina samples fired at the H2-Ar (5-95) atmosphere for 8 hour 
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1400 
 
 
    
1600 
    
 Pt47 Pt65 Pt79 Pt92 
Figure 8-3 Optical image of Pt/Alumina samples fired in air for 8 hours 
Phase separation happened in some points and platinum moved to the surface of the 
sample and made spherical metal particle on the surface. An SEM image of a sample with 
spherical metal surface is shown in figure 8-4.  
 
Figure 8-4 SEM image of spherical platinum particles formed on the surface of Pt65 sample at 1600 °C 
As expected, the densification of the platinum and platinum compounds are different, and 
it is shown in figure 8-5 that alumina prevents platinum from sintering. It also decreases the 
effect of hydrogen as mentioned before. The densification behavior of the different mixtures is 
shown in figure 8-5. 
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Figure 8-5 Densification behavior of the Pt/Alumina samples in two different atmosphere heated at 1400 °C 
X-ray diffraction results of the sample heated in reduced atmosphere are depicted in 
figure 8-6. Although different ratios of platinum/alumina were used, XRD results indicated that, 
in all cases, a series of new peaks appeared upon the heating the sample in hydrogen. The first 
peak was at 2θ=10.40°, which corresponds the reaction product between platinum and alumina 
as Pt3Al with the cubic Cu3Au structure at high temperature is consistent with the observed peaks. 
At temperature below 1290 °C, Pt3Al transforms to tetragonal the Ga3Pt structure [149, 156]. It 
was also reported that it could transform to two other tetragonal structures at lower temperatures 
[157]. Bronger et al. [13] adopted a GaPt3 tetragonal structure to analyze their experimental data, 
while the Cu3Au structure is in more agreement with our experimental data. The observed Pt3Al 
cubic has a lattice parameter of 3.88 Å, which is in good agreement with the literature, 3.876 Å 
[149]. This could suggest that cubic structure was formed in high temperature, but in the cool 
down process, slow transformation kinetics limited the transform to the tetragonal structure.  
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Figure 8-6 X-ray diffraction results of different platinum/alumina samples fired in hydrogen at 1400 °C and 1600 °C for 8 
hours 
The Pt92 sample at both temperatures in the hydrogen atmosphere is completely covered 
with platinum. XRD of the surface of the Pt92 sample heated at 1400 °C is also shown in figure 
8-6, which indicates that the surface is almost pure platinum. Pt65 showed the most normal 
microstructure among all the samples. Because of that, it was chosen for further experiments. 
The microstructure of the Pt65 sample as-is is shown in figure 8-7.  
Figure 8-8 shows the X-ray diffraction of the Pt65 sample heated in air and the reduced 
atmosphere. It is clear from the XRD result that there is no indication of a new peak appearing in 
the air firing atmosphere.  
Even though the XRD results showed that above 1400 °C, temperature does not have any 
effect on the reaction, the microstructure of the samples heated at different temperatures are 
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completely different. Figure 8-9 showed the microstructures of the Pt65 sample heated in 
different temperatures and atmospheres.  
 
Figure 8-7 Backscatter SEM image of Pt65 sample as-is 
 
 
Figure 8-8 X-ray diffraction results of Pt65 sample fired in hydrogen and air at 1400 C for 8 hours 
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In general, the n-Alumina powder is received as the agglomerated particles and dry ball 
milling has minimal effect on its structure, shown figure 8-7. Upon heating the sample in air up 
to 1400 °C, platinum particles grow without any interaction with alumina. Increasing the 
temperature up to 1600 °C only makes the platinum growth more, which means that platinum 
particles stick together, separate from the platinum/alumina mixture, and alumina granulates fill 
almost the entire surface. Because of this, the surface of the samples heated in an air atmosphere 
in figure 8-3, seemed to be filled with alumina and with an unsintered ceramic texture.  
1400 °C 
  
1600 °C 
  
 Air H2/Ar 
Figure 8-9 Backscatter SEM image of Pt65 sample fired in different temperatures and atmospheres 
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Heating the sample in hydrogen helps the platinum particles growth. The size of the 
platinum particles heated in 1400 °C is similar in size to the platinum particles heated in air at 
1600 °C. Yet, the interaction of platinum with alumina is not similar to the air fired sample, 
possibly due to a Pt-Al compound was formation in the reduced atmosphere. The most important 
aspect of this mixture happened upon heating the sample in hydrogen up to 1600 °C. As is 
shown in figures 8-10 and 8-11, the agglomerated alumina particles grow and transform to a 
large grained structure. Platinum particles were melted and the already-grown alumina particles 
were attached to their surface. In some areas, alumina acts as the coating, migrate and cover the 
surface of the platinum, as shown in figure 8-11.  
  
Backscatter Secondary Electron 
Figure 8-10 SEM image of Pt65 sample fired in H2-Ar (5-95) atmosphere for 8 hours at 1600 °C 
8.1.1 Temperature of the reaction 
Pt65 sample were heated up to different temperatures to determine the minimum reaction 
temperature. Samples were heated at the rate of 10 °C/min to the desired temperatures and 
maintained for one hour. A high hydrogen concentration, 25% H2 – 75% Ar , was used in this 
experiment. The XRD results are shown in figure 8-12, and it is obvious that reaction starts to 
occur after 1350 °C is reached. The intensity of the Pt3Al peaks at 1350 °C is very low, but it still 
indicates the occurrence of the reaction between platinum and alumina.  
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Figure 8-11 Microstructure of the alumina coating on the surface of the platinum in the Pt65 sample heated in hydrogen 
at 1600 C 
 
Figure 8-12 X-ray diffraction results of Pt65 sample heated in H2-Ar (25-75) atmosphere at different temperatures 
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From figure 8-13, the microstructure of the Pt65 sample exhibit minimal change before 
the temperature reaches 1550 °C. Nano alumina particles is sintered and transfer to a large 
grained structure as the temperature reaches 1550 °C.  
  
1250 1350 
  
1450 1550 
Figure 8-13 Backscatter image of Pt65 sample fired at different temeprature at the H2-Ar (25-75) atmosphere. Samples 
heated with 10 °C /min and kept on that temperature for 1 hour 
For a better understanding the platinum and alumina reaction, high temperature X-ray 
diffraction technique were used. In this way, the Pt65 sample was heated in a self-
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fabricated cell with a graphite heater [141]. In situ X-ray diffraction data of the sample at 
high temperatures were recorded at the CHESS synchrotron facility at Cornell University. 
The XRD results at different temperatures are shown in figure 8-13. It should be noted 
that graphite was used as the reducing agent to study the effect of temperature on the 
platinum-alumina reaction. The sample maintained at each temperature for 5 minutes and 
then X-ray data recorded. Due to the short amount of reaction time, the intensity of the 
observed diffraction peaks in comparison to platinum is negligible. Because of that only 
the portion of the diffraction pattern with more emphasis on the reaction product is shown.  
 
Figure 8-14 In situ X-ray diffraction results of Pt65 sample in different temperature 
The first two peaks in 2θ=7.77° and 8.35° appeared at the temperature about 800 °K. 
Those peaks are related to tetragonal Ir3Si structure. Pt3Al in temperature lower than 400 °C has 
tetragonal crystal structure [157]. Pt8Al21 also has the same crystal structure [149]. By increasing 
the temperature up to 920 °K, another peak appeared at 2θ=6.65°. That peak is attributed to the 
formation of rombohedral structure of aluminum carbide [158]. In the temperature above 
1500 °K, a new peak appeared at 2θ=7.15°, which corresponds to the cubic Pt3Al structure. The 
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Ir3Si tetragonal structure could transform to cubic Cu3Al easily.  The Pt3Al was formed with the 
tetragonal structure at low temperature and the crystal structure transformed to the cubic 
structure at high temperatures. From the results showed in figure 8-6, the equilibrium structure of 
the Pt3Al is cubic, with sufficient amount of time and hydrogen concentration, the tetragonal 
structure transforms completely to the cubic structure. On the other hand, Zhong et al. [15] report 
the formation of Pt8Al21 in the H2-Ar (10-90) atmosphere. It is reasonable to assume the 
tetragonal Pt8Al21 was formed at low temperature and then transferred to the cubic Pt3Al at 
higher temperatures. However, Zhong et al. [15] used TEM diffraction to confirm the formation 
of Pt8Al21, which could not rule out the formation of the tetragonal Pt3Al instead of Pt8Al21. 
Phase transformation of the tetragonal Pt3Al to cubic Pt3Al at high temperature is 
thermodynamically favorable process [157], while Pt8Al21 to Pt3Al transformation is not. It could 
be concluded that the formation of tetragonal Pt3Al at low temperatures and then phase 
transformation at higher temperatures is more reasonable explanation for the reaction of platinum 
and aluminum oxide. 
8.2 Platinum thick film interaction with alumina 
A 10 μm thick film of Pt-4 were applied on the 99.6% alumina substrate to study the 
effect of platinum on microstructure of alumina at high temperatures. The sample was heated up 
to 1550 °C in the H2-Ar (10-90) atmosphere. The microstructure of the fired sample is shown in 
figures 8-15 to 8-17.  
Platinum powder started to coalescence and form particles with different sizes at high 
temperatures. It is clear from figure 8-15, that platinum is not uniformly distributed, which could 
be due to the thick film thickness distribution. It seems that upon heating some of the platinum 
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particles were covered with a layer of ceramic. This happens mostly for the larger particles, 
which are, by average, larger than 10 μm in diameter. SEM images of the platinum with different 
sizes are shown in figures 8-16 and 8-17. Backscatter top view of the particles in figure 8-15 
shown that almost entire platinum surface is covered with ceramic. In addition to that, the side 
view secondary electron image shown in figure 8-16 also showed that altering the particle size 
altered the microstructure of the ceramic coating 
 
Figure 8-15 Backscatter SEM image of thick film of platinum on 99.6% alumina substrate fired at 1550 °C in H2-Ar (10-
90) atmosphere for 3 hour 
   
a b c 
Figure 8-16 Backscatter SEM image of thick film of platinum on 99.6% alumina substrate fired at 1550 °C in H2-Ar (10-
90) atmosphere for 3 hours 
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In figure 8-16, particles (a), (b) and (c) are 195, 42 and 27 μm in diameter respectively. In 
figure 8-17, particles (a) and (b) are 90 and 17 μm. It is clear, increasing the particle size 
increases the order structure of the alumina coating. Alumina coating, which has covered the 
surface of particle 8.17 (b), is very rough. While for the particle 8-17 (a), the coating has a very 
fine structure. The same is true for the particles shown in figure 8-16. 
  
a b 
Figure 8-17 SEM image of thick film of platinum on 99.6% alumina substrate fired at 1550 °C in the H2- Ar (10-90) 
atmosphere for 3 hours 
As discussed in section 2.3.2, because of difference in the surface tension and work 
function of metal and oxide, TiO2 could migrate on the surface of the platinum particle and 
encapsulated it; while in normal condition it is not possible for aluminum oxide to cover the 
platinum [26]. However, in a reduced atmosphere at high temperatures, alumina migrates over 
the surface of the platinum and covers it. Alumina can migrate over the platinum surface with 
either a mechanism of atomic or particulate migration. Baker et al. [81, 82] stated the migration 
mechanism is atomic migration when the interaction is strong but changes to the particle 
migration when the interaction is weak. Straguzzi et al. [83] showed that the interaction force 
depends mostly on the surface area, which determines the binding points. For small surface area 
particles the interaction is probably weak and the resistance upon migration is low, so they can 
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migrate on the surface of oxide and sinter upon collision. While for high surface area particles, 
the growth can occur only through the atomic migration. In case of the particles shown in figures 
8-15 to 8-17, alumina migrated with particle migration mechanism. Those particles are formed 
from the agglomeration of pre-sintered submicron platinum Pt-4 particle. They have low surface 
area, which decreases the interaction force and make it possible for the alumina particles to 
migrate.  
The alteration of the microstructure of alumina in the temperature above 1500 °C needs 
to be explained in another way. As observed in figure 7-5, alumina could be absorbed from the 
sidewalls of the via and move to the top surface. However in case of particles showed in figures 
8-16 and 8-17 it is not clear that alumina was absorbed in to the platinum and moved to the top 
surface of the particle. As observed in figure 7-9, alumina starts to migrate from the surrounding 
area and covered the platinum. It could be said it is similar to the encapsulation process of 
platinum with titanium dioxide as shown in figure 2-7. Particles showed in figures 8-16 and 8-17 
are formed from the coalescence of small particles. This enables the alumina particles to move 
through the platinum particle. Increasing the platinum particle size increases the distance that 
alumina needs to travel to reach the top surface. Hence, the larger portion of alumina dissolved, 
the finer structure of the final coating. It was showed in the Pt-Al phase diagram [149, 159]  that 
the Pt/Pt3Al mixture become liquid at temperature above 1500 °C. Liquid mixture of Pt/Pt3Al 
creates an appropriate medium for the ceramic particles migration and increases the possibility of 
alumina absorption and migration. The proposed mechanism is very similar to glass migration 
mechanism [66]. The microstructure of the compound observed in figures 8-10 and 8-11 could 
be explained in this way. Platinum helps alumina to grow and because of that the whole surface 
of the platinum particles are covered with alumina. 
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8.3 Platinum thin film interaction with alumina 
To study the behavior of platinum thin film on alumina, thin film of platinum with thickness of 
50 and 200 nm was deposited on 99.6 alumina substrates. At the first step, the samples were 
rapidly heated to 1400 °C and 1550 °C in two different hydrogen concentrations and maintained 
for an hour. The structures of the 50 nm samples are shown in figure 8-18. 
1400 °C 
  
1550 °C 
  
 H2-Ar (10-90) H2-Ar (50-50) 
Figure 8-18 50 nm platinum thin film heated in the H2-Ar atmosphere for 1 hour 
As is seen in all cases, the film is metastable and starts to make an array of islands. The 
200 nm thick samples are more stable, yet they also show the same results shown in figure 8-19.  
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The island formation is not similar in each case. Increasing the temperature makes the island 
grow bigger but decreases the number of the islands. It could be said that increasing the 
temperature increases the densification of platinum. In the 200 nm samples, films are still stable 
and have not broken to the group of islands. However, the formations of the large grains are clear 
in figure 8-18. In addition to that, increasing the hydrogen concentration makes platinum islands 
distribute more evenly.  
As discussed in section 2-4, at high temperature, thin films can break down to the array of 
islands. Srolovitz and Safran [90] showed the parameter 
 
could determine the 
stability of a thin film. For β values between 8-27, the array of islands is in metastable 
equilibrium with respect to the continuous film. Increasing the β more than 27 makes the island 
stable with respect to the film and for β less than 8, the arrays of islands will touch and 
reestablish the continuous film. The particle diameter (R) was calculated based on the β 
formulation for the platinum/alumina system with data from the work of McLean and Hondros 
[160] to determine the stable-metastable-unstable boundary region, and is shown in table 8-2. 
Table 8-2 Boundry condition of the stable-metasatble region for different film thickness  
 Stable<  <Unstable 
50 nm 115 R 212 200 nm 462 850 
 
As indicted in table 8-2, the size of the islands are more than 200 nm in the 50 nm thick 
samples and more than 850 for 200 nm samples, yet the film is stable and does not fall apart. 
Increasing both the temperature and hydrogen concentration at the same time move atoms more 
freely and help to form islands, yet the film is still in the metastable state. It is possible that, one 
hour heating was not sufficient enough to achieve an equilibrium state.  The microstructure of 
 152 
the 200 nm sample heated in 1400 °C for 8 hours in H2-Ar (10-90) atmosphere is shown in figure 
8-18. It is clear that increasing the time leads to breaking in the film, but the platinum islands are 
still connected to each other. The islands do not have any particular shape or structure and are 
only formed due to high temperature. Upon quickly heating the sample to high temperature, 
platinum starts to react with alumina and changes the platinum-alumina surface energy. Because 
of that the samples shown in figure 8-18 are not in agreement with Srolovitz and Safran’s 
criterion [90]. 
  
  
1 Hour 8 Hours 
 
Figure 8-19 200 nm platinum thin film rapidly heated in the H2-Ar (10-90) atmosphere at 1400 °C  
To verify the possibility of the proposed mechanism, the samples were heated slowly at 
the rate of 10 °C/min. In this way, a platinum film has sufficient time to rupture. The samples 
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then were kept for an hour and then were cool down at the same rate. The microstructures of the 
sample heated in H2-Ar (10-90) atmosphere are shown in figure 8-20.  
  
1400 °C 1550 °C 
Figure 8-20 200 nm platinum thin film heated in H2-Ar (10-90) atmosphere with 10 °C/min rate 
As depicted in figure 8-20, platinum film breaks completely and forms particles. It is 
clear that the particles start to have a particular shape and are similar to the shape of the crystal 
observed in figure 7-10. In addition, the particle size distributions in two temperatures are 
completely different. The size distribution of the 50 and 200 nm particles heated to different 
temperatures and hydrogen concentrations were determined by Image J software and are shown 
in tables 8-3 and 8-4. 
The size of the platinum particles increased by increasing the temperature in the constant 
hydrogen concentration. Increasing the temperature from 1450 °C to 1550 °C increased the 
particle size about 60%. However, increasing the hydrogen concentration did not follow the 
same trend. Figures 8-21 and 8-22 showed the microstructure of the 50 and 200 nm thick film 
heated at 1450 °C in different hydrogen concentration. The 50 nm film breaks to almost spherical 
particles, while the 200 nm film creates spherical particles with some sharp edges. Particle size 
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increases by increasing hydrogen concentration in the 50 nm platinum film and in contrast the 
number of particles in the area decreases with increasing the concentration. Increasing the 
hydrogen concentration enhances the migration of the small platinum particles and makes them 
fuse together. This mechanism could explain the behavior of the 50 nm films in different 
hydrogen concentrations.  
Table 8-3 Particle size distribution of the 200 nm platinum thin film heated in different hydrogen concentration 
Hydrogen 
Concentration 
Temperature (°C) 
1400 1450 1550 
10% 2.40 2.40 3.83 
20% 1.37 1.46 -- 
50% -- 2.02 -- 
Table 8-4 Particle size distribution of the 50 nm platinum thin film heated in different hydrogen concentration 
Hydrogen 
Concentration 
Temperature (°C) 
1400 1450 1550 
10% 0.27 0.29 0.47 
20% 0.25 0.40 -- 
50% -- 0.41 -- 
 
Figure 8-23 showed the behavior of the particles’ number density (number of 
particles/area) with variation of the particle size for the 50 and 200 nm films in different 
conditions. In the 50 nm films, while particle size increases from 0.25 μm to 0.47 μm, the density 
of the particle decreases from 1.6 to 0.2. These results are in agreement with the proposed 
mechanism for platinum particles growth.  
The behavior of the 200 nm film is completely different. It is clear from the data in table 
8-3 that the diameter of the particle first decreases and then increases. However, the average 
number of particles’ density is almost 0.1 and does not change drastically with increasing the 
particle size. The 200 nm film breaks into the macron-sized particles. It could be said that the 
large size of particles prevents the their migration and because of that the number of particles is 
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almost constant.  As seen before in chapter 7, alumina can be absorbed into the platinum and 
expands it at high temperatures. This could explain the increasing of size with temperature, yet 
increasing the hydrogen concentration is changing this behavior.  As discussed before, hydrogen 
increases the densification of the platinum and hence decreases the particles’ diameter. In 
addition to that, in hydrogen concentration more than 20%, alumina covers the surface of some 
platinum particles randomly and encapsulates some of the platinum crystals. Increasing the 
hydrogen concentration can expand the platinum by increasing the adsorption of alumina or by 
increasing the thickness of the covered layer. 
   
H2-Ar (10-90) H2-Ar (20-80) H2-Ar (50-50) 
Figure 8-21 Microstructure of the 50 nm thin film heated at 1450 °C in different hydrogen concentration 
   
H2-Ar (10-90) H2-Ar (20-80) H2-Ar (50-50) 
Figure 8-22 Microstructure of the 200 nm thin film heated at 1450 °C in different hydrogen concentration 
Figure 8-23 indicates that the densification behavior in platinum thin films is similar to 
the sintering path of the alumina particles shown in figure 2-5 and followed the same pattern. 
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Figure 8-23 Variation of the number density of platinum particles with the particle size for 50 and 200 nm platinum thin 
films heated in different temperatures and hydrogen concentration 
The distribution of the encapsulated particles is completely random, as shown in figure 8-
22. The particles formed in the 200 nm film are almost spherical in nature with facet in (100) and 
(111) faces. Surface free energy of the (100) and (111) faces are less than other areas, and 
because of that, when alumina starts to cover the platinum particles, flat surfaces are not covered 
completely. It is clear that the type of encapsulation that happened in figure 8-22 is different 
from the one observed in figures 8-16 and 8-17. As mentioned before, alumina does not cover 
the particles with a diameter less than 10 μm, however here the decoration is almost independent 
of the size. It seems that atomic migration is the dominant mechanism of alumina migration. 
High surface area of the platinum thin film increases the interaction force between platinum and 
alumina and because of that, the atomic migration is the most probable mechanism, as stated by 
Baker et al. [81, 82].  The encapsulation mechanism of palladium particles with TiO2 [26] could 
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explain the alumina migration in this case.  Hydrogen reduces the alumina and creates a high 
concentration aluminum cations layer. The contact between the oxide and the metal will establish 
positive space charges in alumina. They drive the outward diffusion of Al3+ but hinder the 
outward diffusion of oxygen anions (O2-). On the other hand, the outward diffusion of Al3+ will 
gradually weaken the positive space charges, which allows the outward diffusion of oxygen 
anions, thus favoring the formation of alumina on the surface. Due to the difference of the 
surface energy of the oxide and the metal, alumina tends to cover the surface of the metal 
crystals, resulting in encapsulation.  
  
Figure 8-24 High magnification of SEM image of platinum crystal from 200 nm film heated at 1450 in the H2-Ar (20-80) 
atmosphere 
 
High magnification image of particles form in H2-Ar (20-80) atmosphere at 1450 °C is 
shown in figure 8-24. Lee et al.[151] showed that upon annealing in 1200 °C, platinum particles 
start to rotate. They suggest that it could be due to crystallographic axis alignment of a particle 
with the oxide support, however the exact nature of rotation force is unknown. Figure 8-24 
shows different platinum crystals have different orientation, which could be due to the different 
crystal orientation of polycrystalline aluminum oxide.  
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9 Conclusion 
 
 
• Increasing the platinum particle size decreases the particles densification. In addition to 
that large platinum particles have a lower surface area, which decreases the reaction of 
platinum with oxygen at high temperatures. Overally, larger platinum particles are better 
candidates in cofired ink for multilayer ceramic technology. 
• The optimum heating-firing profile consists of the rate of 1-2 °C/min up to 450 °C for 
binder to burn-out and the rate of 5-10 °C/min up to 1550 °C for sintering of the materials. 
• In general, non-reducing like air, argon or vacuum are not an optimum environment to 
develop a high-density via structure. 
• In reduced atmospheres, the firing temperature could be adjusted by the size of platinum 
particle. Larger platinum particles could be fired in temperatures lower than 1550 °C.  
• In reduced atmosphere, at high temperatures, platinum absorbs alumina particles from the 
sidewalls of the via. At temperature above 1500 °C, these absorbed particles could be 
melted completely and be mixed with platinum to create a very dense structure. 
• Tungsten could be used as the best metallization for a composite structure with platinum 
in an ink formulation. The platinum/ tungsten ratio is a major factor to control the 
shrinkage of the feedthrough assembly. A graded composite sample with some internal 
tungsten layer and increasing platinum/tungsten ratio in the outer layers with pure 
platinum in the top layers showed promising results. 
• Platinum starts to react with alumina at temperatures above 1350 °C, however the 
recrystallization and the change of alumina structure can only be achieved at 
temperatures above 1550 °C. 
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• Upon heating the platinum film coated on an alumina substrate in a reduced atmosphere, 
the film contracts and creates a series of platinum particles. Alumina could cover the 
surface of these particles based on heating temperature and environment. Different 
mechanisms are proposed to describe this behavior of alumina.  
• Platinum particles created in a reduced atmosphere could rotate to be in alignment with 
the crystallographic axis of the oxide support. In addition to that, the shape of particles 
could change with the concentration of hydrogen. Increasing the hydrogen concentration 
changes the particle shape from the truncated octahedron to spherical with faceted faces 
on some edges to an almost spherical particle. 
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10 Recommendation for future research 
 
 
• Two hydrogen furnaces used in this project, exhibited different densification behavior. 
The study of the effect of different furnaces and heating mechanisms on the densification 
and interaction of the platinum and alumina could be useful in developing the 
feedthrough structure. 
• The absorbed alumina into platinum, at high temperature in a reduced atmosphere, 
creates a very dense structure. This structure is completely unified as observed with 
backscatter image. The study of the interface area of the platinum/alumina with TEM in 
this area would be very helpful to understand this behavior. 
• Platinum particles could rotate to be in alignment with the crystallographic axis of oxide 
support due to the polycrystalline nature of the alumina substrate. The study of the effect 
of oxide crystallographic orientation on the alignment of the platinum particles with TEM 
could be useful to understand the platinum/alumina bonding mechanism. 
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